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All-optical spin switching (AOS) is a new phenomenon found in a small group of magnetic media, where a
single laser pulse can switch spins from one direction to another, without assistance of a magnetic field, on a
time scale much shorter than existing magnetic technology. However, despite intensive efforts over a decade,
its underlying working principle remains elusive. Here through manganese-based Heusler ferrimagnets, we
show that a group of flat bands around the Fermi level act as gateway states to form efficient channels for
spin switching, where their noncentrosymmetry allows us to correlate the spin dynamics to the second-order
optical response. To quantify their efficacy, we introduce the third-rank Pancharatnam-Berry tensor (PB tensor),
7 = (i|p|m)(m|p|f){f|pli), where |i), |m) and |f) are initial, intermediate and final band states, respectively,
and p is the momentum operator. A picture emerges: Those which show AOS, such as the recently discovered
Mn,RuGa, always have a large PB tensor element but have a small sublattice spin moment ratio, consistent with
the prior experimental small remanence criterion. This does not only reveal that the delicate balance between the
large PB tensor element and the small sublattice spin ratio plays a decisive role in AOS, but also, conceptually,

connects the nth-order nonlinear optics to (n + 1)th-rank PB tensors in general.

DOI: 10.1103/PhysRevB.109.L.220401

Introduction. For over half a century, magnetic storage
technology has relied on a magnetic field to switch magne-
tization in magnetic drives. Beaurepaire and coworkers [1]
changed this picture by showing that a femtosecond laser
pulse can directly demagnetize the magnetic nickel film
within 1 ps, representing the beginning of femtomagnetism
[2]. In 2007, Stanciu and coworkers [3] reported that a sin-
gle laser pulse alone, without assistance of a magnetic field,
is able to switch spins from one direction to another in
GdFeCo, called all-optical spin switching (AOS). Subsequent
investigations [4—11] soon discovered a large group of AOS
materials [5,6,12—-14]. It has been shown that whether or not
AOS occurs sensitively depends on the sample composition
[13,15], thickness [16,17], remanence [18], number of laser
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pulses, laser fluences, and other parameters [15] (see recent
reviews for details [7,19]). Mentink et al. [20] suggested
an intersite spin exchange model for AOS. Recently Jakobs
and Atxitia [21] proposed a criterion based on a transition
from a relativistic relaxation path to an exchange-dominated
regime.

Unfortunately, most AOS materials are amorphous, which
significantly limits access to their microscopic electronic and
magnetic structures, beyond the classical atomistic spin model
level [15,22]. Although crystalline AOS materials are also
discovered [14,23,24], they often need multiple laser pulses
to switch spins [12,25], thus not ideal for future applications.
Heusler alloys are different [26-39]. They are crystalline and
more importantly their electronic and magnetic properties can
be systematically tuned [40] without a significant change to
their structures. What is even more interesting is that one
of the Heusler compounds, Mn,;RuGa, shows single-pulse
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all-optical spin switching [41]. This presents a rare opportu-
nity for a first-principles investigation, beyond earlier model
simulations [21,42,43].

In this Letter, we employ four manganese-based non-
centrosymmetric Heuslers Mn,YZ and the time-dependent
first-principles method to pin down two critical elements that
underline the all-optical spin switching. First, a group of flat
bands, a few eV around the Fermi level, act as gateway states
for spin switching. To quantify the efficacy of these states, we
introduce the Pancharatnam-Berry (PB) tensor, a geometric
tensor that consists of a product of momentum matrix ele-
ments between transition states. Channels involving flat bands
have a large PB tensor element, found across all the four
Heuslers. Second, the spin moment ratio between two Mn
sublattices must be small. This is only found in Mn,RuGa
and Mn;RuAl, not in Mn,IrGa and Mn,RuGe. Our finding
conceptually establishes the link between the (n + 1)th PB
tensor to the nth-order optical process, and reveals that it is
the balance between a large PB tensor element and a small
spin moment ratio that leads to all-optical spin switching. Our
finding will have a profound impact on the future direction
of the experimental and theoretical research, by focusing on
crystalline Heuslers. In particular, since all four materials
investigated here are already available, this will motivate an
immediate experimental investigation.

Correlation between the spin and charge dynamics and
Pancharatnam-Berry momentum tensor. AOS is an opti-
cal process. What is probed often differs from what one
wishes to probe, similar to time-resolved magnetooptics [44].
Figure 1(a) schematically illustrates a laser pulse impinging
on a sample, where one detects the polarization change and
derives the spin change from it. Theoretically, we first solve
the Kohn-Sham equation for the ground-state properties [45],

K v?
[— 5 + Ve +Vu + ch} Yuk(r) = Enc ¥k (r), (1)

where ¥, (r) is the wave function of band » at the crystal mo-
mentum K, and E, is its band energy. The terms on the left are
the kinetic energy operator, the attraction between the nuclei
and electrons, the Hartree term, and the exchange-correlation,
respectively. The spin-orbit coupling (SOC) is included using
a second-variational method in the same self-consistent itera-
tion. We describe the optical interaction with a matter by the
time-dependent Liouville equation [44,46] (additional details
can be found in the Supplemental Material (SM) [47]),
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where p is the density matrix, Hy is the unperturbed system
Hamiltonian and H; is the interaction between the laser field
and the system [47]. The Liouville equation builds in the Pauli
exclusion principle, can be extended to many-body states,
and works well with other software such as VASP, QUANTUM
ESPRESSO, and ELK. The nth-order density matrix is given
by [48]
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FIG. 1. (a) Schematic of the interaction between a ¢ pulse and
Mn,RuGa. Even and odd harmonics are emitted along two different
directions. Inset: Simplified crystal structure of Mn,RuGa, where the
filled circles are Mny,, and the shaded circle is Mny., the small and
large empty circles are the Gay;, and Ruy, atoms, respectively. (b) The
Brillouin zone of Mn,RuGa. (¢) Spin change AM, = ( MM(_(20) -1
for two intraband cutoffs § = 0.0 (dashed line) and 0.2 eV (solid
line). (d) p, and p, as a function of time. (e) Envelope of p, (red
dotted lines) and AM, (solid lines) changes with time for Mn,RuGa,
Mn,IrGa, and Mn,RuAl (insets). (f) Logarithmic harmonic signals
along the z axis.

where Uy(t) = exp(—iHpt/h). The symmetry property of
electron and spin dynamics is encoded in the expecta-
tion value of an operator. For the reason that will become
clear below, we take the second-order momentum (p)®(¢) =
Tr[pp®(¢)] as an example. Under a symmetry operation {R},

(p)@®(¢) transforms as a tensor (in the component form)

(DY) =D RiaRupRuc Py (1), )

abc

where [ and a are the new and old Cartesian indices of p,
respectively, and the index pairs (bc) and (mn) are Cartesian
indices of two laser fields before and after symmetry trans-
formation. The entire procedure is exactly the same as the
transformation between two susceptibility tensors x® and
%@ in nonlinear optics as [48] Xl(niZL/ = v RiaRupRnc ng,.
The situation of spin is different. Spin is an axial vec-
tor and transforms under the SU(2) symmetry [49,50]. For
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the same second-order response, the spin expectation value,
(s)P(t) = Tr[sp@(¢)], transforms as in a similar fashion as
the Hall effect [51]

(Vo) =D RigRypRS,(5) ) (1), )

abc

where the transformation matrix for spin R}, is given as
R} . = |R|R,. and |R| is its determinant [49]. The second-order
response in Eq. (5) is the lowest-order response of the spin,
and the first order is zero because the product of one axial and
one polar vector is zero [49], except that the axial and polar
vectors are collinear and the symmetry is low. Because p®(¢)
is proportional to the square of the laser field, that is why the
(de)magnetization is linearly proportional to the laser fluence
as observed in experiments [52,53] before saturation, and it
is also the reason why we choose the second-order density
matrix above. Regardless of whether the system has inversion
symmetry or not, all even orders of the spin, including the
zeroth order, survive. However, for the momentum, if the
system has inversion symmetry, the multiplication of three R’s
yields (—1)(—1)(—1) = —1 and it cancels out all even orders,
including the second order here. Only odd orders survive.
Therefore, in order to detect spin dynamics through the charge
dynamics or more precisely the optical response, at minimum
one must choose a system without inversion symmetry, so the
second-order (p®) and (s'») share the same field dependence
such as Hj(t1)H;(t;). If a system has inversion symmetry,
then there is a mismatch between spin and charge responses.
For a transition through a channel|i) — |m) — |f) — [i), the
expectation value of the momentum (p)®(¢) is related to the
tensor

1 (C) = (ilplm) (mIp|£){fIpli), (6)

which is very similar to the Pancharatnam-Berry
phase [54,55] for discrete paths [56], y(C)= —ImIn
[(@11¢2)(P2|p3) - - - (pn—1ldn)]. Here {¢;} are N number
of nonorthogonal states and C refers to the close path
in the functional space. We call »®(C) the third-order
Pancharatnam-Berry momentum tensor (PB tensor). It obeys
the sum rule as

> (E: = En)(En — Ef)Ef — Enn®(C) = (illH, pP|i),
mf
@)

which is zero for a system with inversion symmetry. This
connects the experimental detectables to those undetectable,
which forms the basis of our study [47].

Results. Mn,RuGa has a space group symmetry of F43m,
with no inversion symmetry. Figure 1(a) is a simplified ver-
sion of the structure, where one Mn is situated at the 4a site
(filled circle) and another Mn at the 4c site (shaded circles).
Ru and Ga take the 4d and 4b sites (small and large empty
circles), respectively. Without SOC, only one term (p)(ﬁ;,z(t)
is independent, where (312) are cyclic Cartesian indices. With
SOC, there are three, and we choose ( I’>;?i,z(t)’ so even-order
signals polarize along the z axis and are spatially separated
from odd orders whose polarization is along the x and y axes.
Figure 1(a) illustrates this process, where the light propa-
gates along the —z axis with its vector potential in the xy
plane, A(t) = Ag exp(—t2/1%)(cos wtx + sin wt$). Here Ay is

the amplitude, t is the laser pulse duration, ¢ is the time, and
X and ¥ are the unit vectors of the x and y axes, respectively.
In the presence of SOC, we include all the valence states from
—0.4124 Ry up to the Fermi energy of 0.662 Ry, as well as
the partially and completely unoccupied states up to 2.156
Ry. In total, there are 76 states at each k point. Semicore and
core states are not included, since they appear below —2.37
Ry. Including more states produces no visible effect. We use
an extremely dense k mesh of 48x48x48 for all the results
here, while the test of k convergence is given in the SM [47].
Figure 1(c) shows ultrafast demagnetization (long dashed
line) under a laser pulse of T =60 fs, iw = 1.6eV, and
Ap = 0.015 Vfs/A. So the fluence is 1.33 mJ/cm?. Including
the intraband transition (the red line with § = 0.2eV) [46,47]
bolsters the demagnetization from 7%—13%, consistent with
the experimental findings [57]. AM_(¢) is very smooth without
rapid oscillation. By contrast, the charge response, i.e., p.(t)
and p,(t), beats strongly. Figure 1(d) illustrates that p.(t)
closely follows the laser field and peaks at O fs, which is ahead
of the spin by 40 fs. The vertical line across Figs. 1(c) and
1(d) highlights this delay of the spin with respect to the charge
response [58]. p, () is much weaker and does not peak at O fs.
We magnify p, by 20 times and then vertically shift it down
by one unit. Since p, still has rapid oscillations, we take its
negative envelope and superimpose it on the spin change in
Fig. 1(e) (see the solid line). We find that the leading edge
of p.(t) (dashed line) matches that of AM,(¢), far better than
px(t). We have tested three additional Heuslers, Mn,RuAl,
Mn,IrGa, and Mny;RuGe. We find that only Mn,;RuGe has a
stronger deviation (see Ref. [47]), and the rest show a con-
sistent match between p,(¢) and AM,(¢) (see two insets for
Mn,RuAl and Mn,IrGa). This demonstrates that our numeri-
cal result confirms our above analysis. This match is important
as it allows us to use p,(¢) to understand AM,(¢). Obviously,
a perfect match is not expected.

We Fourier transform p,(t) into the frequency domain
[Fig. 1(f)], where the second order dominates, and then dis-
perse it along the I'-X direction [Fig. 1(b)]. Figure 2(a) shows
such a plot for the spin majority channel under o+ excitation.
We notice that most k points along the I'-X direction have a
weak harmonic signal. The strongest one is at (%, 0, 0)27”,
close to the X point, where a is the lattice constant. In
Fig. 2(b), we show the band structure for the majority band,
where we draw a dashed line vertically across Figs. 2(a)
and 2(b) to pinpoint which bands are involved in harmonic
generation. Our Fermi energy without SOC is at Er = 0.652
Ry. We number our band states from Ga’s 3p states at
E3,(Ga) = —6.252 Ry, i.e., from 1-3. States 4 and 5 are Mn’s
3s states at E3,(Mny.) = —5.288 Ry and E3,(Mny,) = —5.08
Ry. State 6 is Ru’s 5s state at Es;(Ru) = —4.67 Ry, followed
by six Mn’s 3p states from 7-12 at E3,(Mny.) = —2.990 and
E3,(Mny,) = —2.466 Ry, respectively. Finally, states 13—-15
are Ru’s 5p state at E5,(Ru) = —2.466 Ry. The valence bands
start from band 16 at —0.403 Ry. Figure 2(b) only shows
bands from |29) to |38). A particular challenge in Mn,RuGa is
that bands are strongly hybridized, so it is rather cambersome
to denote them by their orbital characters. Table I shows that
|29) and |30) are a hybridized band formed by Mny,-3d,
Mny.-3d, Ru-4d, and Ga-4p states, while |38) is dominated
by Mny.-3d and Ru-4d. A detailed discussion is given in
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FIG. 2. (a) Second harmonic signal of the spin majority channel dispersed along the I"-X direction, without spin-orbit coupling. The vertical
one denotes the location of the largest peak at (% 0 0)27”. (b) Band structure of the spin majority channel, where the horizontal dashed line is
the Fermi level. (c) The same as (a), but for the spin minority channel, where the maximum peak is shifted to (32 (3 0, 0)2” (d) Spin minority
band structure. (e) Second harmonic signal with spin-orbit coupling, whose maximum peak is shifted back to (% 0,00 i . The numbers with
subscript g refer to the flat band gateway states. (f) Band structure with SOC.

Table II of SM [47]. Figure 2(c) shows the second harmonic
from the spin minority channel. Because the minority channel
has nearly zero density of states (DOS) at the Fermi level
[39,59], this cuts off signals significantly. Its maximum is only
half the majority channel and is shifted to a different point,
(33.0,0)%Z.

The PB tensor n®(k) has three band indices, i, m,
and f, for each transition channel, written as |i) —
|m) — |f) — |i). Most channels have a small element. We

TABLE I. (Top) Composition of the majority band states at (%, 0, 0)27”

disperse the largest elements along the I'-X direction (A
line) in Fig. 3(a). At I', we find the first dominant chan-
nel is |[43) — |74) — |63) — |43) (see the circles), where
bands |74) and |63) are shown in Fig. 2(f) but |43) is not
because its energy is too low. As we move away from
I', channel |43) — |74) — |63) — |43) smoothly transitions
to |44) — |74) — |63) — |43). Once we encounter a band
crossing, (k) suddenly changes (see the squares and di-
amonds). Whenever there is no crossing, a smooth change

and (bottom) that of the minority band states at (i—g, 0, 0)27”. The

band indices are shown in Fig. 2. [ refers to the orbital angular momentum quantum number. The numbers given under each column are partial
charges in percentages. Since the majority and minority states are from different k, one should not add them up.

Majority states Mny, Mny, Ru Ga
(23,00)2” 1=0 I=1 1=2 [1=0 I=1 1=2 [=0 =1 [1=2 [=0 =1 [=2
129), |130) 0 3.71 13.88 0 5.78 8.92 0 6.41 10.57 18.25 0.01
136), |37) 0 1.15 18.46 0 0.82 59.52 0 0.98 10.48 0 0.57 1.42
|38) 0 0 0 0 0 71.85 0 0 25.84 0 0 0
Minority states Mny, Mny, Ru Ga
(%,0,0)27” 1=0 I1=1 1=2 1=0 I1=1 1=2 [1=0 =1 1=2 [=0 [=1 1=2
|31), |32) 0 2.50 45.29 0 8.33 0.67 0 5.72 3.78 0 7.68 0.58
[33) 0 0 4.57 0 0 51.60 0 0 40.00 0 0 0.15
|35) 0 0 78.75 0 0 0.01 0 0 11.45 0 0 0.69
[38), 139) 0 3.87 42.54 0 3.92 8.67 0 3.37 16.46 0 4.51 1.31
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FIG. 3. (a) Large elements of the Pancharatnam-Berry tensor
n® (k) in units of /> /aj along the T'-X direction for a few selected
channels denoted by (i, m, f, i) in the figure, same as |i) — |m) —
|f) — |i) in the main text, where band indices i, m, f are those
bands shown in Fig. 2(f). We link symbols by lines only if they
have similar channel states. For instance, the circles are mainly due
to [43) — |74) — |63) — |43). All the elements are all imaginary.
(b) Pancharatnam-Berry tensor ® (k) elements along the I'-L direc-
tion, which is much weaker. The filled symbols are the real part of
n®(k), while the unfilled symbols are the imaginary part of 7 (k).

is found from one k to another. This further confirms that
the PB tensor is well defined [47]. A much smaller tensor
element is found along the I'-L line (A line), because two
flat bands are absent along this direction [39,60,61], where
n®(k) is below our numerical uncertainty limit. Because
of multiple band crossings, we only find two regions with
a smooth dispersion. One is between (ﬁ, 1 L y2x

a8 —ag) and

5 5 5.2¢ . 8 8 _ 8.\2x
(R’ vl _R)T’ and the other is between (R’ yil —@)7 and
(%, %, —%)27”. Different from the I'-X line, 7® (k) has both

real (filled symbols) and imaginary parts (empty symbols).
In summary, we have six channels: four for the minor-
ity, |31><:§§§:B§;>|31>, |32)<I§2;::gg;>|32),where the
band indices are shown in Fig. 2(d), and two for the ma-
jority, 29) — |36) — |38) — |29), |30) — |37) — |38) —
|30), where indices are shown in Fig. 2(b). Figure 2(b) re-
veals that the flat band |38) is at the center of the majority
channel excitation. We call it a gateway state. The gateway
state in the minority channel is |33), which is also a flat band
[see Fig. 2(d)]. Including SOC does not change the picture,
except that the harmonic maximum shifts back to (%, 0, 0)27”
[Fig. 2(e)] and the flat bands are renumbered due to the dou-
bling number of bands [Fig. 2(f)]. They are now |67) and |73).

Are these flat bands essential to AOS? We employ three
additional Heuslers, Mn,YZ, where Y is Ir [62] and Z is Ge
and Al [28,63]. Figures 4(a) and 4(b) show that Mn,RuGe has
two similar flat bands, but its Fermi level is raised clearly with
respect to Mn,RuGa [compare with Figs. 4(c) and 4(d)]. Re-
placing Ga by Al has the smallest effect on the band structure
among all three new Heuslers [see Figs. 4(e) and 4(f)]. The
flat bands are retained. When we replace Ru by Ir [62], the
flat band in the majority is lowered, and that in the minority
is now at the Fermi level, which explains why it has a giant
coercivity [62].

We recall that in GdFeCo and TbFe the spin moment ratios
of two spin sublattices are always very close to each other
[64]. We compute the ratio between the spin moment on Mny,
and Mny.. The results are shown in Fig. 4(i). To our sur-
prise, there is a significant variation. Mn,RuGa and Mn,RuAl
have the smallest ratio, while Mn,RuGe and Mn,IrGa have
a larger ratio. The smaller ratio between two spin sublattices
is consistent with the small remanence criteria [18] proposed
much earlier. Figure 4(j) reveals the optical requirement of
AOS through the PB tensor ¥ (k). We see that Mn,RuGe
has the strongest value and Mn,RuGa has the smaller value.
Because a strong optical excitation and a strong magnetic
excitation are always opposite to each other, it is likely that the
competition between these two underlines the all-optical spin
switching.

Connection to future experiments. An experimental test
of our theoretical prediction is exactly what we had in
mind when we carried out this study. For this reason, all
the Heusler compounds, Mn,RuAl, Mn,RuSn, Mn,;RuSi,
Mn;RuGa, Mn,IrGa, and Mn;RuGe, are already synthesized
experimentally or well studied theoretically. The lattice con-
stant a of Mn,RuGa, 5.97 A, matches that of GaAs, 5.75 A,
within 3.6%, very attractive integration of a semimetal into
a state-of-the-art semiconductor, to extend the boundary of
spintronics.

We have three suggestions for experimentalists. First, since
Mn;RuAl has similar electronic, magnetic, and optical prop-
erties as MnpRuGa, we would expect that the chance to
observe AOS in Mn;RuAl is high. So an experimental test
of AOS on Mn,RuAl will test our first prediction.

Second, Mn,RuGe differs from Mn,RuGa by an extra
electron in the outer shell. Mn,RuGe has the largest spin ratio
among all four Heuslers investigated. We do not expect a
single pulse AOS in this system. Whether or not AOS occurs
in Mn,RuGe will directly test our magnetic moment ratio
prediction.

Third, Mn,IrGa presents another opportunity. Here Ir (in
Mn;IrGa) and Gd (in GdFeCo) both have 4f and 5d shells.
Although Gd is different from Ru and Ir, Gd is the only one
among 4f rare-earth elements that has 5d electrons and is
thus similar to Ru and Ir, whereas 4 f electrons play a minor
role as demonstrated in magnetic anisotropy [65]. Ir’s 4 f shell
is completely filled, since its native electron configuration is
Xedf145d76s%. 4f in Gd is half filled since its configuration
is Xe4 f75d6s>. They both have zero orbital moment from the
4f shell. In addition, Ir also has zero spin moment from the
4f shell. Whether AOS in Mn;IrGa occurs experimentally
allows one to distinguish the role of 4 f, with respect to their
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FIG. 4. (a)-(h) Comprehensive band structure comparison among four Heusler compounds, Mn,RuGe, Mn,RuGa, Mn,RuAl, and
Mn,IrGa. The majority bands are in (a), (c), (¢), and (g), while the minority are in (b), (d), (f), and (h). (i) Spin moment ratio between
two Mn atoms. (j) Maximum PB tensor elements 1® (k) along the I'-X and I'-L directions.

differences in 5d. Since Ru’s native electron configuration is
Kr4d’5s', a comparison between Mn,IrGa and Mn,RuGa is
potentially able to compare and contrast the roles of 4d and 5d
in AOS. Therefore, we believe there are ample opportunities
that await experimental verifications.

In conclusion, we have shown that a group of flat bands,
with a large PB tensor, act as gateway states that channel one
sublattice spin to another to realize all-optical spin switching
in Mn-based Heusler ferrimagnets. This is the origin of the
theoretical intersite exchange model by Mentink et al. [20].
Although all four Heuslers have flat bands, only Mn,RuGa
and Mn,RuAl have a small spin moment ratio between two
spin sublattices, explaining the experimental low remanence
criterion [18]. Our finding will have a significant impact on fu-
ture research on two fronts. Conceptually, the Pancharatnam-
Berry tensor extends the Berry phase [55] and connects the
nth-order nonlinear optics to the (n + 1)th PB tensor, so one
has a way to quantify the efficacy of nonlinear optical ma-

terials. More importantly, since all four Heuslers are readily
available, their supertunability renders them an ideal test bed,
representing a paradigm shift for future experimental and the-
oretical investigations of all-optical spin switching.

Note added. Recently, two papers proposed a similar ten-
sor based on the triplet products of the dipoles, not for the
momenta as done here [66,67].
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