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Electrically switchable large near-infrared optical diode effect in an iron-based oxide
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We report a large near-infrared (NIR) optical diode effect (ODE) and its electric field switching in the
antiferromagnetic state of LiFePO,. The difference in absorption coefficients for light travelling in opposite
directions, divided by the sum, reaches ~25% at a photon energy of 1.18 eV. Symmetry analysis attributes the
ODE to the spin-allowed d-d transitions of octahedrally coordinated Fe?* via the spin-orbit interaction. Given
the abundance of iron and potentially high magnetic transition temperature in iron-based materials, this study

may open the door to the application of the NIR ODE.
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Optical absorption of materials with broken space-
inversion and time-reversal symmetries, such as chiral ma-
terials subjected to an external magnetic field and linear
magnetoelectric (ME) materials, can be different between
light beams propagating along forward (+Kk) and backward
(—K) directions [1-22]. This peculiar optical phenomenon is
called directional dichroism or optical diode effect (ODE)
[11,13,20] and has recently been used as an efficient imaging
tool of antiferromagnetic domains [4,17,18,21,22]. Moreover,
an ultimate ODE, that is, one-way transparency of light,
potentially finds applications to novel nonreciprocal optical
devices. Previous studies have observed the ODE over a wide
range of wavelengths, from visible light to microwaves. For
the visible and near-infrared regions, the ODE arises from
either the d-d transitions of transition metal ions or the f-f
transitions of rare-earth ions. A large ODE, with a relative
change in the absorption coefficient (o) between +k and —k
exceeding 10%, has been observed in magnetically ordered
states of various 3d transition metal oxides containing Cu
[8,18], Ni [19,20], and Co [21]. In particular, CuB,04 ex-
hibits one-way transparency at 1.40 eV, albeit in very high
magnetic field (~53 T) [12]. However, the magnetic transition
temperatures of these Cu, Ni, and Co-based materials, and
thus the onset temperatures of their ODEs, are low, well below
the boiling point of nitrogen. In addition, Cu, Ni, and Co are
rare elements which are unfavorable for applications. In this
respect, magnetic materials based on abundant Fe elements
are appealing as they often exhibit high magnetic transition
temperatures. Indeed, a high temperature ODE has been ob-
served for GaFeO; below 200 K, although the effect is only
as small as 0.08% (at 1.28 eV at 4.2 K) [7]. Therefore, the
development of a strategy to achieve a large ODE in Fe-based
materials is crucial toward practical applications of this effect.

The 3d> configuration of Fe’* in GaFeO; is a half-filled
high-spin state, resulting in the d-d transitions to be nominally
spin forbidden. In contrast, the d-d transitions of Cu?*, Ni**,
and Co?* ions, responsible for the above-mentioned large
ODE, are spin allowed [8,18-21]. While the magnitude of
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the ODE is determined by multiple factors, the spin-forbidden
nature of Fe’* may be responsible for the small ODE. In
support of this hypothesis, MnTiO;, which contains Mn**
with the same 3d° configuration as Fe3*, also exhibits a small
ODE of 0.1% at 2.15 eV [16]. This consideration suggests
that Fe-based materials with nontrivalent Fe ions, where d-d
transitions are spin allowed, potentially exhibit large ODEs.

In this Letter, to verify the possibility of the large ODE
in Fe-based materials, we have selected LiFePOy, a represen-
tative Fe?*-based linear ME antiferromagnetic (AFM) oxide,
and measured its absorption spectra in the visible and near-
infrared regions. Although the AFM transition temperature of
LiFePO, (Ty = 50 K) is not very high, sufficient information
on its magnetic, ME, and optical transitions are available,
making this material suitable for the present purpose. Using
this information we have discussed the origin of the ODE in
terms of the spin-allowed d-d transitions of Fe>* through the
spin-orbit interaction (SOI).

LiFePO, with an olivine-type structure (Pnma) [23] is a
well-known material for commercial lithium battery cathodes
[24], but it has also been the focus of extensive research due to
its unusual magnetism and linear ME effect [23,25-31], i.e.,
the linear induction of magnetization (electric polarization)
with an applied electric (magnetic) field. It has been reported
that an AFM transition occurs at Ty = 50 K [23], below which
the ordered Fe?* spins are predominantly oriented along the
b axis with a slight overall rotation of 1.3(1)° from the b axis
[26,29]. Figure 1(a) illustrates the magnetic structure in which
the spin rotation is ignored. It belongs to the magnetic point
group mmm’ [23], breaks space-inversion and time-reversal
symmetries, and allows an ODE for light propagating along
the ¢ axis (kl|c) [18,20-22]. Consequently, the spin rotation
is not directly relevant to the emergence of the ODE and
is not addressed in the present study. The mmm’ symmetry
also allows the linear ME effect with nonzero ME tensor
components of oy, and oy, (Xgp # pg) [32].

Transparent yellow-green single crystals of LiFePO4 were
grown by the flux method [33]. The magnetization measure-
ment of the crystal shows Ty of 50 K [34], in agreement
with the previous report [23]. The o spectra for k||c were
measured at 40 K < 7y in the photon energy range from
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FIG. 1. (a), (b) Crystal and magnetic structures of LiFePO, for a
pair of time-reversed antiferromagnetic domains A+ (a) and A— (b).
A collinear antiferromagnetic structure with Fe?* spins (red arrows)
oriented along the b axis is assumed. For clarity, only Fe (green balls)
and O atoms (black balls) are depicted. The unit cell (gray box) con-
tains four crystallographically equivalent FeOq octahedra. The ODE
is opposite in sign for A+ and A—, as indicated by purple and green
arrows whose width denote the intensity of light. (c) A b-axis view of
the crystal and magnetic structures. The FeOg has a pseudo-2.m,m,
symmetry, where x, y, and z are the local coordinate axes on each
FeOg, with an angle between ¢ and y being ~57°, as shown on the top
panel. The bottom panel depicts the geometrical relationship among
a local electric dipole p along the z axis (blue arrows), the Fe?* spin
S (red crosses and dots), and a quantity p x S (green arrows). The
p x S of the four FeOg octahedra are noncollinear with the same
c-axis component.

0.75 to 2.70 eV using a homebuilt fiber-based optical sys-
tem [18,20]. The ODE is opposite in sign between a pair of
time-reversed 180° AFM domains [denoted as A+ and A—,
see Figs. 1(a) and 1(b)], because time reversal operation also
reverses k. Consequently, the ODE can be evaluated as the
difference between o for A+ («4) and o for A—(x_). To
select the domain prior to the acquisition of each spectrum, the
sample was cooled from 55 to 40 K (through 7y) in an electric
field along the a axis (E,) and a magnetic field along the b axis
(Hp). This procedure is referred to as ME cooling. The free en-
ergy for the mmm’ symmetry contains the linear ME coupling
term, oqpE,Hp [32], where the sign of «,, is opposite between
A+ and A—. This allows for selecting the domain according
to the sign of E,H), during the ME cooling. Here, we define
the domains selected by E,H, > 0 and E,H;, < 0 as A+ and
A—, respectively. After the ME cooling, both E, and H, are
turned off to observe a spontaneous ODE. The measurements
were performed for two directions of light polarization, E“||a
and E®||b. The details of the experiments are given in the
Supplemental Material [34]. The crystal structures in Fig. 1
were drawn by using VESTA software [35].

Figure 2(a) shows the o spectra for E”|la and k|+c
measured at 40 K after four ME cooling conditions {+,+},
{—.+}, {+.—}, and {—,—}. Here, the left and right signs
in the parentheses denote the signs of E, and H, during
the ME cooling, respectively, where |E,| = 130 kV/m and
|Hp| =2 kOe. The o spectra are approximately the same
between {+,+} and {—,—} and also between {+,—} and
{—,+}. However, these two sets of spectra are significantly
different from each other below 1.5 eV. This means that the
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FIG. 2. Demonstration of the optical diode effect at 40 K. (a)
Absorption coefficient («) spectra for E”||a and k||+c. The red, blue,
green, and purple colored data were obtained after the ME cooling
with {+,+}, {—.+}, {+.—}, and {—,—}, respectively. Here, the left
and right signs in parentheses denote the signs of E, and H), during
the ME cooling, respectively, and |E,| = 130 kV/m and |H,| =2
kOe. The E, and H, were removed before each measurement to
examine a nonvolatile effect. (b) Difference o spectra between the
A+ and A— domains, Ae = a, —a_, for +k (K||+c, red curve)
and —k (k||—c, blue curve), which are obtained by subtracting the «
spectrum for {—,+} from that for {+,+}. (¢), (d) Spectra of « (c)
and A« (d) at for E”||b measured in the same way as in (a) and (b),
respectively.

difference in « is not due to the difference in sign of either
E, or Hp, but to the difference in sign of E,H, and thus
the selected AFM domain (A+ or A—). By subtracting the
a spectrum for {—,+} from that for {+,4}, we extract the
domain dependent difference, Aa = oy — o—, which repre-
sents the ODE as mentioned above. As shown in Fig. 2(b),
the A spectrum takes a maximum of 50cm™! at 1.18 eV.
The magnitude of Aa does not increase with increasing |E,|
and |Hp|, suggesting that the ME cooling achieves the mon-
odomain state. Furthermore, the A« spectrum is fully reversed
for counterpropagating light (k|| —c), confirming that the finite
A« is unambiguously due to the ODE. Figures 2(c) and 2(d)
present a series of o and A« spectra for E“||b, respectively,
obtained by the same measurement as for E“||a. The finite
A« and its reversal between k| +c and k||—c are observed,
demonstrating that the ODE also occurs for E“||b, with the
maximum magnitude reaching ~20 cm~! at 0.87 eV.

Figure 3(a) shows the temperature dependence of oy, o,
and A« for E®|la and Kk|+c at 1.18 eV, where A« is the
maximum. Below 50.4 K, the o, and «_ deviate and corre-
spondingly the A« becomes finite. This onset temperature is
in good agreement with 7y determined by the magnetization
measurement, showing that the ODE arises from the AFM
order. Moreover, the temperature dependence of A scales
linearly with that of the AFM order parameter (S) (taken
from Ref. [29]). Such a scaling is also observed for E“||b (see
the Supplemental Material [34]). These results show that the
observed ODE is proportional to the ordered component of
the Fe?* spins.
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FIG. 3. Temperature dependence of the optical diode effect and
its electric-field switching. All the data presented here were collected
at a fixed photon energy of 1.18 eV for E”||a and k| +c. (a) Temper-
ature dependence of a,, @_, and Ao = o — o_. Before measuring
oy and «_, the ME cooling with {+,4+} and {—,4+} (|E,| = 130
kV/m and |H,| = 2 kOe) was applied, respectively, and then these
fields were turned off. The AFM order parameter (S) (green circles)
taken from Ref. [29] is plotted on the right axis. (b) E, dependence of
« and (c) temporal evolution of « responding to periodically applied
E, at H, = 5 kOe and 50.3 K.

To compare the magnitude of the observed ODE with those
reported for other materials, we quantify the magnitude using
|Aa/ag| x 100% defined in Ref. [20], where op = o + .
With this definition, the one-way transparency corresponds to
100%. Using the data presented in Fig. 3(a) and Fig. S3 of the
Supplemental Material [34], we obtain |A«/ag| of 25% and
18% for E”|la (1.18 eV) and E®||b (0.89 eV), respectively,
at 5 K. These values are comparable to those for Cu [8,18],
Ni [19,20], and Co [21] based materials and more than two
orders of magnitude greater than those for GaFeO; [7] and
MnTiO; [16].

Furthermore, we investigate an isothermal response of the
ODE to an applied electric field. Since the ME free energy
(aapE,Hp) is opposite in sign between A+ and A—, the appli-
cation of a sufficiently strong E, in the presence of a bias H,
can switch the AFM domains, resulting in the switching of the
ODE. Figure 3(b) shows the E,, dependence of « at 1.18 eV for
E®|la in H, = 5 kOe, measured at 50.3 K just below Ty. The
o changes abruptly at about 4230 and —220 kV/m for E,-
up and E,-down sweepings, respectively, demonstrating the
hysteretic switching of the ODE. As shown in Fig. 3(c), both
the larger and smaller « values at E, = 0 remain constant for
a periodically applied E,, indicating that the ODE in LiFePOy4
is robust against the electric field switching.

The microscopic mechanism of the ODE in the visible
and near-infrared regions is generally due to an interference
between electric dipole (E1) and magnetic dipole (M1) transi-
tions through SOI [2,7,8,12,15-20], and such transitions are
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FIG. 4. Energy scheme of Fe?* orbital states for C,, symmetry
(a) without and (b) with considering the spin orbit interaction (SOI).
Orbital hybridization between A% and °B, due to the L.S, term
in the SOI is indicated by the curved double-headed arrow in (b).
Solid vertical arrows in (a) and (b) represent possible spin-allowed
d-d transitions from the ground state to *A, and °B,, driven by
EP (H?)(i =x,y,2). In (a), possible spin-allowed d-d transitions
from °B, to >A; and 3B, are also indicated by dotted vertical arrows.
In the experiment with K||c and E”|la (E“||b), the light contains
E?, Ey"’, and H? (E?, H?, and H?") components. The components
highlighted in yellow contribute to the ODE.

dominated by the on-site d-d transitions for 3d transition
metal oxides. As shown in Fig. 1(a), there are four crys-
tallographically equivalent Fe?>* ions [labeled as Fe(l/) with
| = 1-4] in the unit cell of LiFePO4. A contribution to the
ODE from each Fe(/), Ao/, can be expressed as [12,18,20]

Ad =o'y — o'y o |(elHgilg) + (elHwilg)*

— (el|Hg1lg) — (elHwilg)]?
= 4Re[(g|Hg1le) (e|Hi |g)]. (1

Here, Hg; (Hypp) is the El transition operator related to
an electric (magnetic) component of light and g (e) denotes
the ground (excited) state wavefunction of each Fe(l). As
shown in Fig. 1(c), Fe’* in LiFePO, occupies the 4c Wyckoff
position and is coordinated by a noncentrosymmetric oxygen
octahedron, with symmetry C, (m,) but close to Cs, (2.m,m,)
[36], where x, y, and z are the local coordinate axes defined
such that z is along the twofold axis, x is parallel to the b
axis to which the ordered Fe?* spins (S) are oriented, and
y is orthogonal to both x and z. In the 2,m,m, symmetry,
each FeOg octahedron has a local electric dipole p along the
z axis [Fig. 1(c)]. As discussed in Ref. [20], the combina-
tion of p and S of each FeOg can lead to a local ODE for
k|| (p x S)||y. Although p x S of the four FeOg octahedra are
mutually canted, the c-axis component is the same, so the
overall ODE (i.e., observed A«) for k||c should be the sum of
Ad! for k||c over I = 1-4. Therefore, considering the optical
transition processes on a single FeOg octahedron is sufficient
to discuss the origin of the observed ODE.
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Figure 4(a) illustrates the energy levels of Fe’* 3d or-
bital states within the C,, approximation for LiFePO, in
the absence of SOI, which are based on those previously
reported for the isostructural LiFe; Mn,POs [37,38] and
Fe,Si04 [36,39]. The Cy, crystal field splits the D multi-
plet for free Fe?* into five nondegenerate levels: the ground
state >A; (hereafter denoted as 3AY to distinguish it from
the excited state A), slightly higher energy excited states
5A, and 3B, and well separated excited states 5By and 94;.
The energy levels of these states are ordered from lowest to
highest as follows: SA?, 545, °Ba, °By, and *A;. The group
theory indicates that AY —3 By is El allowed by E®, and
M1 allowed by H”, while A} —7 A, is El allowed by E®,
where E/ (Hi‘”)(f =X, Y, z) is an oscillating electric (mag-
netic) field of light along the i axis. Based on this energy
scheme, the broad peaks associated with the large ODE at
~0.9 and ~1.2 eV [Figs. 2(a) and 2(c)] are assigned to the
spin-allowed d-d transitions >AY —> B; and Ay, respectively.
In contrast, the sharp peaks observed at 2.5 ~ 2.7 eV for E“||b
[Fig. 2(c)] are probably due to spin-forbidden d-d transitions
[37], leading to only a weak ODE [Fig. 2(d)]. To explain the
large ODE at 0.9 and 1.2 eV, the SOI must be considered
because (g|Hg;|e)(e|Hwmi|g) in Eq. (1) in the absence of SOI
is imaginary, and thus Aa’ becomes zero [15]. As the ordered
Fe?* spins are oriented along the x axis (S,), we consider an
L,S, term in the SOI, where L, denotes the orbital angular
momentum along the x axis. Because L, belongs to B; sym-
metry, the LS, term hybridizes the orbital states 544 (SA?)
and °B,, as well as 7B, and °A,. Of these hybridizations, we
focus only on the hybridization between *A? and °B; as the
expected energy difference between 5A(1) and °B, (~0.2 eV
[36,37] or ~0.3 eV [38]) is closest to the typical strength of
SOI for Fe?* (~0.05 eV [40]), making the hybridization sig-
nificant. The resulting inclusion of the 5B, component in the
ground state allows for additional transitions from the ground
state to °B; by H® and to °A; by E and HY [Fig. 4(b)].
These SOI-mediated EI or M1 transitions can induce the
ODE when they interfere with the originally allowed M1 or
El transitions. In the present experiment with k|c, the E®|la

(E“||b) polarized light possesses the EY, EY, and HY (E?,
H)‘,", and H”) components [see Fig. 1(c)]. Consequently, the
ODE can occur at ~1.1 eV for E®|la (~0.9 eV for E“||b) due
to the interference between the E- (E-)driven E1 transition
and the SOI-mediated, Hy’- (H;*-)driven M1 transition to the
54, (B)) state, consistent with the observations [Figs. 2(c)
and 2(d)]. Therefore, the observed ODE is well explained by
spin-allowed Fe?* d-d transitions assuming the C,, symmetry
and the b-axis collinear AFM structure.

The local ODE is maximal for k||(p x S)||y, because under
this condition there are no E” and H,” components that are
irrelevant to this effect. However, it is impossible to satisfy
this condition simultaneously for the four FeOg octahedra
due to the mutual canting of p and thus p x S [Fig. 1(c)].
This reduces the overall ODE by a factor of cos 57° ~ 0.54.
Therefore, optimizing the orientation of the FeOg octahedra,
and thus p, can further enhance the overall ODE.

In conclusion, we have observed a large, electrically
switchable optical diode effect (ODE) at near-infrared wave-
lengths in the Fe?*-based magnetoelectric antiferromagnet
LiFePO,4. The observed optical diode effect is adequately
explained by the spin-allowed d-d transitions of octahedrally
coordinated Fe?* through the spin-orbit interaction. Other
Fe?*-based magnetic materials can also exhibit a comparable
or even more pronounced ODE in the similar wavelength
range, if they have octahedrally coordinated Fe?* and belong
to the magnetic point group that allows the ODE. Candi-
dates listed in MAGNDATA [41] include FeSb,0, [42,43],
Fe;(PQOy), [44], and FesNb,Og [45]. Given the abundance of
Fe and the possibility of high magnetic transition temperature
in Fe-based materials, this study may pave the way for devel-
oping electrically controllable nonreciprocal optical devices.
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