
Harris-Lee et al., Sci. Adv. 10, eado6390 (2024)     10 July 2024

S c i e n c e  A d v A n c e S  |  R e S e A R c H  A R t i c L e

1 of 6

P H Y S I C S

Spin vacuum switching
Eddie Ivor Harris- Lee1, John Kay Dewhurst1, Samuel Shallcross2, Sangeeta Sharma2,3*

Ultrafast control over the magnetic orientation of matter represents a vital element of potential future spin- based 
electronics (“spintronics”). While physical mechanisms underpinning spin switching are established for picosec-
ond time scales, we here present a physical route to magnetization toggle control, i.e., multiple switching events, 
at <100 femtoseconds. A minority spin current injected into a ferromagnet is shown to generate rapid depopula-
tion of the minority channel below the ground- state Fermi level, creating a minority “spin vacuum” that then 
drives rapid charge redistribution from the majority channel and spin switching. We demonstrate that this mecha-
nism reproduces many of the features of recent subpicosecond switching of ferromagnetic Co/Pt multilayers and 
provide simple practical rules for the design of materials via tailoring the electronic density of states to optimize 
spin vacuum control over magnetic order.

INTRODUCTION
A key problem of the “zettabyte era,” in which the components of 
modern information technology consume more than 2% of global 
power generation, is the creation of energy- efficient and high- 
performance magnetic storage (1–3). Switching the magnetic orien-
tation of matter on ultrafast (femtosecond) time scales and at low 
power thus represents not only a fascinating question of quantum 
solids but also one with profound technological implications. 
Low- dissipation all- optical and all- electronic approaches presently 
achieve subnanosecond switch times (4). Current- induced spin 
torque (5, 6) is, however, believed to preclude subpicosecond switch-
ing times for ferromagnets (7, 8).

Here, we propose switching of the magnetic moment of ferro-
magnetic systems at <100- fs times via injection of minority current. 
This, we show, generates ultrafast depopulation near the Fermi en-
ergy and the creation of a minority channel “spin vacuum,” an in-
trinsically unstable situation that then results in rapid redistribution 
of charge from the majority channel and a reversal of the magnetic 
moment. In contrast to mechanisms of spin switching in which the 
moment rotates between majority and minority orientation, a slow 
process that fixes the resulting switching phenomena to the realm of 
picoseconds, in spin vacuum switching, the magnetization dynam-
ics are strictly collinear and driven by the substantially faster pro-
cesses of charge redistribution from one spin channel to another.

Recently, subpicosecond switching of magnetization in Co/Pt mul-
tilayers has been demonstrated, driven by ultrafast generation of spin 
current (9–11), and we show that the spin vacuum mechanism 
captures and explains key experimental facts of this ultrafast phe-
nomenon, in particular, (i) spin reversal via a light- induced pulse 
of minority current, aided by heating, and (ii) return to original orien-
tation with second current pulse of opposite polarity. Our ab initio ap-
proach, with an extension introduced here, allows us to provide simple 
practical rules for optimization of spin switching in magnetic materi-
als, allowing design via tailoring the ground- state density of states.

Our work not only provides a conceptual framework for recent 
experiments but also demonstrates that the lower limit of switching 

time can be far shorter, on tens of femtosecond scale, and thus is 
limited only by the time scale on which spin current can be injected 
into the active component of the device. The uncovering of an ultra-
fast mechanism of both magnetization reorientation and reversible 
switching opens unexplored vistas in the control of magnetic order 
by light.

RESULTS
Femtosecond spin switching
The system sizes inherent in spin switching devices have, until now, 
prevented treatment by the ab initio approach. Here, we circumvent 
this by directly imposing a spin current on the “active” component of 
the device, for example, the free layer of a spin valve, bypassing the 
computationally expensive simulation of its full operation. Thus, 
rather than simulate the irradiation, generation of current, and sub-
sequent switching of a spin valve, we simulate the essential spin dy-
namics of the switching process: the injection of a spin current into a 
ferromagnet, illustrated schematically in Fig. 1A. To this end we aug-
ment the fundamental equation of time- dependent density function-
al theory by an SU(2) potential, carefully tailored to generate a flow 
of current of specified polarity within the magnetic system; details of 
this approach are provided in Methods.

The spin dynamics resulting from injection of minority spin cur-
rent into the ferromagnetic CoPt (Fig. 1B) reveal that above a criti-
cal threshold, this minority current induces complete reversal of the 
magnetization direction. (Note that this “minority spin current” al-
ways has spin polarity corresponding to the initial minority direc-
tion of the ferromagnet.) At no time during this ultrafast switching 
does moment perpendicular to the original magnetization axis de-
velop: femtosecond scale magnetization switching without out- of- 
axis rotation (this is explicitly shown in section S7, where we plot 
the magnetization vector field in all three directions). To ensure that 
the conclusions that we draw (i.e., switching of spin orientation 
without rotation) are not an artifact of approximations used in the 
theory, which does not allow for local exchange- correlation spin 
torques (12, 13), we have performed calculations that explicitly in-
clude such torques (see Methods for details) (14) and find exactly 
the same physics of switching without rotation (section S7).

We find that the critical threshold to induce magnetization rever-
sal is material dependent (see Fig. 1C). We find that for CoPt, the 
threshold spin current required for switching is the right order of 
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magnitude for ultrafast spin currents that are generated by a laser 
pulse [see, for example, (15)]. Furthermore, switching is not ob-
served in materials for which ultrafast switching is not known to 
exist, shown here with the example of body- centered cubic (bcc) Fe, 
highlighting the material predictive nature of the ab initio approach. 
A sequence of spin current pulses of opposite polarity induces a suc-
cession of magnetization reversals (Fig. 1D); an initial minority 
pulse induces magnetization reversal that can then be “toggled” 
back to its original state by a spin current pulse of opposite polarity.

Highlighting the crucial role that the polarity of the spin current 
plays in the switching mechanism, we see, in Fig. 1E, that an initial 
injection of majority current does not generate magnetization rever-
sal, nor does it inhibit the action of a subsequent minority current 
pulse. These findings are in notable accord with recent experiments 
(9, 10) in which spin current has been shown to induce subpicosec-
ond switching in Co/Pt multilayers: (i) Switching is driven by mi-
nority current injection; (ii) magnetization reversal is not complete 
but rather some fraction of the ground- state moment, up to −0.1 M0, 
and last, (iii) an initial pulse of majority spin current, created when 
GdFeCo is used to generate the minority current (10, 16–18), neither 
leaves a lasting change to the magnetization nor inhibits further 
minority switching, exactly as seen in Fig. 1E. To better represent 
experimental situation, we have performed calculations for Co/Pt 
multilayers and CoPt, finding exactly the same physics of switching 
but for a slightly higher value of spin current (section S6).

Spin vacuum switching
To unveil the microscopic mechanism underpinning magnetization 
switching at the femtoscale, we now examine the dynamics as en-
coded in the density of states. The fundamental role of the current 
pulse is revealed by consideration of the dynamics in the absence of 

spin- orbit interaction, a constraint that precludes transitions be-
tween majority and minority channels. In this circumstance, a mi-
nority current is seen to depopulate the minority channel in a 
window down to ∼2 eV below the Fermi energy (Fig. 2A), with cor-
responding increase above the Fermi energy. The substantial deple-
tion of minority states below Fermi energy, which we term a 
minority channel spin vacuum, evidently represents a notably un-
stable electronic situation in which minority spin d- character holes 
are brought into energetic reach of the majority spin d- character 
electrons. Switching on spin- orbit coupling triggers rapid spin flips 
to correct this imbalance (Fig. 2C), leading to marked redistribution 
of charge between majority and minority channels and switching of 
the magnetization direction. This also explains the higher spin cur-
rent required for switching in multilayers (section S6), where some 
of the Co atoms are further away from the high spin- orbit Pt atoms 
because of layered geometry.

The energy window ΔEvac, indicated in Fig. 2 (A and B), plays a 
key role in the switching mechanism. Increasing the amplitude of 
the current pulse increases ΔEvac (see section S1), and we find a 
simple microscopic rule for the onset of magnetic switching by cur-
rent: The characteristic energy ΔEvac must exceed the exchange 
splitting, ΔEvac > ΔEex. This rationalizes the critical threshold of 
current seen in switching in CoPt (Fig. 1C). Examination of spin 
switching in a broad range of materials (section S2) reveals further 
rules for the design of spin switching materials. We find it highly 
advantageous for there to be a large density of available minority 
spin states in the energy domains marked (iii) and (iv) in Fig. 2, 
as well as a large density of majority states at (i). We also find it 
advantageous to have only a small density of available majority 
spin states at (ii): This may prevent undesirable minority to ma-
jority spin flips and help lock the reoriented state. Last, sufficient 

A B C D

E

Fig. 1. Femtosecond magnetic switch. (A) Schematic of a device setup: A minority current (J↓, red) induces switching of the direction of the magnetic moment; a major-
ity current (J↑, blue) leaves the magnetization direction unchanged but increases the magnitude of the moment slightly. the spin current could come from an external 
source via a conductive nonmagnetic spacer, but here, we directly impose the spin current saving the computationally prohibitive expense of calculation of the full device. 
(B) Above a critical amplitude of this minority current, the moment switches direction; note that the switching occurs on <20 fs. the gray lines represent the SU(2) effective 
potential (duration, 20.1 fs) that generates the spin current. (C) Final spin moment (expressed as a fraction of the ground- state moment M0) as a function of the spin cur-

rent potential maximum amplitude (S- field, atomic units) and the average spin electric field (  = −
1

c

dS

dt
 ; see Methods) for the spin current leading edge. While switching 

occurs for a critical value of S- field in coPt, bcc Fe cannot be switched for any magnitude of the injected minority spin current. (D) Successive spin currents of opposite 
polarity induce successive reversals of the magnetization. (E) An initial injection of majority current does not cause reversal, neither does it inhibit the action of a subse-
quent minority spin current. note that in [(B), (d), and (e)], a negative potential represents the injection of minority current, as defined relative to the initial state. a.u., 
Hartree atomic units.
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spin- orbit coupling is required (section S3) such that spin flips out-
pace the countervailing processes of spin vacuum relaxation, i.e., the 
relaxation of minority states.

We find this mechanism to be very robust against spin current 
depolarization, i.e., mixing of minority and majority channel spin 
currents. For the ferromagnetic CoPt system, we do not observe 
complete degradation of switching until the purity of the spin cur-
rent falls below 20% (see section S4). Spin vacuum switching thus 
represents a highly robust mechanism of magnetization control.

Switching at finite temperature
The criterion for magnetization reversal by creation of a spin vacu-
um, ΔEvac > ΔEex, implies that the reduction in exchange splitting 
ΔEex will allow satisfaction of the equality at lower current ampli-
tude (and, hence, lower characteristic energy ΔEvac). Recent experi-
ments revealing subpicosecond spin switching have also noted that 
switching efficacy can be markedly improved by heating the target 
system (9, 10, 17, 18). While a full treatment of temperature effects 
in transition metal magnets inevitably involves an account of the 
orientational disorder of local moments, the key physical property 
for the spin vacuum model, the d- band exchange splitting, can be 
captured by introducing a temperature- dependent parametrization 
of the exchange interaction (see Methods). In this approach, at zero 
temperature, the exchange splitting and magnetic moment take 
their equilibrium ground- state values, while at the Curie tempera-
ture, both fall to zero. The impact of finite temperature is, as in ex-
periment, to facilitate spin switching (Fig. 3A), with magnetization 
reversal obtained for currents that cannot achieve any change at 
zero temperature. As expected, this is driven by the reduction in the 
exchange splitting (Fig.  3B; compared to Fig.  2E; also see sec-
tion S1). For multiple switching events, in contrast, a mixed picture 
is revealed: While finite temperature can result in an improved frac-
tion of recovered moment for the initial switching (i.e., the fraction 

of the ground- state moment after switching), multiple switching 
events rapidly lead to global demagnetization, shown in Fig. 3C.

DISCUSSION
We have presented a mechanism in which minority spin current 
generates femtosecond- scale reorientation of the magnetization 
direction, with further current pulses of alternating polarity yield-
ing switching back and forth of the magnetic moment. The under-
lying microscopic mechanism involves the creation of a minority 
channel spin vacuum, a highly unstable depopulation of the mi-
nority channel below the ground- state Fermi level that triggers 
rapid spin- orbit–induced spin flip transitions from majority to mi-
nority, resulting in switching of the moment direction. The spin dy-
namics remain strictly collinear to the ground- state magnetization 
direction, with switching of the moment involving only the longitu-
dinal degree of freedom of the magnetic moment.

This mechanism stands in notable contrast to spin- orbit torque 
(6) and spin- transfer torque (5), which allow spin switching on
50- ps or greater time scales and in which the exchange interaction
addresses the purely rotational degrees of freedom of the magnetiza-
tion. Recent experiments that unveil magnetization switching at 500 fs 
(9, 10), however, present key features that are in common with the
spin vacuum picture: (i) the crucial role of minority current, (ii)
subpicosecond switching times and avoidance of critical slowing,
and (iii) notable improvement in the efficacy of the switching mech-
anism at finite temperature.

While providing a compelling framework for understanding subpi-
cosecond spin switching, the spin vacuum mechanism points toward 
unexplored functionality at few femtosecond times. With magnetiza-
tion toggling driven by the ultrafast processes of spin- preserving charge 
dynamics and direct spin- orbit–induced spin flips, control over mag-
netization on times beating quantum decoherence (∼5 fs) becomes 

Fig. 2. Spin vacuum switching. (A and B) the change (Δ) in the density of states (dOS) induced by a minority spin current, shown at the maximum and end of the SU(2) 
driving potential S(t). While there is no change in the majority channel (blue), a substantial number of minority electrons (red) are excited across the Fermi energy (EF), 
creating a “minority channel spin vacuum.” note that, here, spin- orbit interaction (SOc) is switched off. (C and D) Switching on SOc markedly changes the dynamics: the 
unstable spin vacuum is filled almost immediately by spin- orbit–induced spin flips from majority to minority. in contrast to (B) without SOc, the changes to the dOS 
mostly remain at the end. (E) the final dOS thus exhibits substantial reduction in the majority channel close to EF, indicated by (i), with no corresponding increase above 
EF (ii), while the minority also suffers almost no reduction below EF (iii), as a result of excitation above EF (iv). Overall, this results in a marked reduction in moment and, for 
sufficiently strong current generation, the reversal of the magnetic moment. note that, here, the shaded regions denote occupied states, and the solid/dashed lines de-
note the ground- state dOS.
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conceivable. With the present- day experimental drive toward laser 
control over current on few- femtosecond time scales, the key con-
straint to achieving this, which is the generation of ultrafast spin cur-
rents in a nanoscale device geometry, appears, in principle, solvable (9, 
19, 20). Spin vacuum switching thus opens up promising avenues to-
ward the long sought for femtosecond control over magnetic order.

METHODS
Underpinning time- dependent density functional theory is the Runge- 
Gross theorem (21), which establishes that the time- dependent exter-
nal potential is a unique functional of the time- dependent density, 
given the initial state. On the basis of this theorem, a system of nonin-
teracting particles can be chosen such that the density of this noninter-
acting system is equal to that of the interacting system for all times (22, 
23), with the wave function of this noninteracting system represented 
by a Slater determinant of single- particle orbitals. Dynamical evolu-
tion proceeds via the time- dependent Kohn- Sham equation

where ϕjk(r, t) are two- component Pauli spinor time- dependent 
Kohn- Sham orbitals with momentum k and state index j, Aext(t) is 
the external laser field, written as a purely time- dependent vector 
potential, σ are the Pauli matrices, υS(r, t) = υext(r) + υH(r, t) +
υxc(r, t) is the Kohn- Sham effective scalar potential, and BS(r, t) = 
Bext(r, t) + Bxc(r, t) is the Kohn- Sham effective magnetic field. The 
external scalar potential, υext(r), includes the electron- nuclei inter-
action, while Bext(r, t) is an external magnetic field that interacts 
with the electronic spins via the Zeeman interaction. The Hartree 
potential, υH(r, t) is the classical electrostatic interaction. Last, we 
have the exchange- correlation (xc) potentials, the scalar υxc(r, t), 

and the xc magnetic field, Bxc(r, t), which require approximation. In 
this work, we used the adiabatic local density approximation, con-
structed by functional derivative of energy with respect to magneti-
zation, leading to the magnetization vector field being parallel to Bxc 
everywhere and at each time. This implies that there is no local xc 
spin- torque at any time. To ensure that the physics is robust, we have 
also performed calculations with the source- free functional (14), 
which explicitly allows for and leads to spin- torques (12, 13).

We calculate the magnetization density dynamics, m(r, t), and 
thus the magnetic moment, M(t), directly from the expectation of the 
spin operator, �

where ϕjk is the spinor wave function with index j and momentum k.
At the heart of our extended method, we add a time- dependent 

SU(2) potential (corresponding to a non- Abelian gauge group) for 
spin currents (24, 25) to the system Hamiltonian when we solve the 
time- dependent single- particle Schrödinger equation at various times. 
This is essentially a spin- polarized version of the U(1) vector potential. 
To the vector potential–free Hamiltonian, H0, we add a term

where 1
c
 is the coupling constant, p are Cartesian indices, μ are Car-

tesian indices plus a 0th index (to include the standard U(1) vector 
potential in this single unified expression), and components of the 
linear momentum and spin vector operators appear because the 
conjugate operator to the spin current density is characterized by 
the tensor product −i ∇ ⊗ σ. The matrix functions Spμ(t) are given
the general form,

i
�ϕjk(r, t)

�t
=

{

1

2

[

−i∇−

1

c
Aext(t)

]2

+υS(r, t)+
1

2c
� ⋅�S(r, t)

+

1

4c2
� ⋅ [∇υS(r, t)× − i∇]

}

ϕjk(r, t)
(1)

m(r, t) =
1

Nk

occ
∑

jk

ϕ
†

jk
(r, t) �ϕjk(r, t) (2)

HS(t) = H0(t) +
i

c

∑

pμ

Spμ(t)∇pσμ (3)

Spμ(t) =
∑

n

gn(t) sin(ωnt + ϕn)
n
p


n
μ (4)

Fig. 3. Spin current toggling of magnetization direction at finite temperature. (A) Magnetization dynamics under action of a minority current pulse shown for tem-
peratures 0 < T < 0.96 Tc. temperature- induced reduction in magnitude of the magnetization allows for magnetization switching precluded at zero temperature, a phe-
nomenon underpinned by the reduction in the exchange splitting at finite temperature. Shown in (B) is the dOS with reduced exchange splitting and occupations after 
the current pulse. (C) Successive pulses of opposite polarity toggle the magnetization with increased temperature, resulting in an increase in the fraction of the initial 
moment recovered in opposite orientation at the first switching event, but in faster onset of global demagnetization under multiple switching events, compare Fig. 1, d 
and e. [For comparison to Fig. 1c, here, S = 10 a.u. in (A) and (B) and 13 a.u. in (c).]
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where gn(t) is the nth envelope function (which is always a Gaussian 
here), ωn is the frequency (0 here), ϕn is the phase shift (π/2 here), 
p is one part of a three- vector of real coefficients (amplitudes), and 


μ
 is one of a four- vector of real coefficients. This form allows for 

arbitrary matrix functions Spμ(t) including pure charge coupling 
(

μ≠0 = 0), pure spin coupling (0 = 0), or mixtures thereof. A lin-
ear combination of Pauli matrices can be used to specify any 
spin matrix

so using [−1, 0, 0, +1] for 
μ
, we select the effective spin matrix

for which any spinor with zero majority component is an eigenspinor. 
With this minority spin matrix in combination with the gradient op-
erator ∇z, we impose the “minority spin current potential” that we re-
fer to here (Fig. 1, for example). The spin electric field (, Fig. 1C; i.e., 
the electric field for the minority electron channel minus the electric 
field of the majority electron channel) is calculated using  = −

1

c

dS

dt
 . 

Overall, nonzero charge and spin current are both created. We note 
that in our calculations, the entire system experiences the same spin 
current potential simultaneously, and no overall spatial gradient in this 
potential is permitted, which is justified considering the typical exper-
imental geometry and spin current (9). By this method, charge accu-
mulation effects are excluded. We always take the initial majority (↑) 
magnetization to point in the +z direction of a Cartesian frame and 
minority (↓) spin to be anti- aligned along −z. Throughout, majority 
and minority refer to the initial net spin direction.

Finite temperature calculations
There exists an extension to density functional theory to account for 
finite temperature effects (26), but work to make it generally practical 
and accurate is ongoing (27). Instead, we simulate the relevant tem-
perature effects through introduction of a scaling factor to the spin- 
dependent exchange potential. At each step of the self- consistent 
ground- state calculation, we calculate the values of Bxc(r) and m(r) 
in the regular way and then immediately modify them

where ς is the scaling factor. To simulate the finite temperature that 
would cause the magnetic moment to reduce to half of the zero tem-
perature value, we calculate ς(M) (section S5) and choose the spin 
exchange scaling factor ς such that the ground- state moment is re-
duced by half. No temperature value enters into our method direct-
ly. The quoted temperatures are obtained by inserting the modified 
ground- state moment into the guideline equation,

where we use the standard value, β = 1/2 (28). Although this ex-
change temperature method is not a complete time- dependent 
treatment of temperature, we find that it does successfully capture 
the most relevant finite temperature effects such as DOS exchange 
splitting reduction and total magnetic moment reduction.

Numerical details
We perform all of our calculations using the Elk code (29, 30), with 
a full potential basis consisting of augmented plane waves plus local 

orbitals both above and below the Fermi level (31, 32), providing 
maximum accuracy (33). We use the ab initio state- of- the- art fully 
noncollinear spin- dependent version (30, 34) of time- dependent 
density functional theory with the time propagation algorithm de-
tailed in (30), with a time step of 0.97 as. For bulk ferromagnetic 
CoPt, we have used a face- centered cubic cell with lattice parameter 
of 3.85. For multilayer geometry, we have used three layers of Co 
and three layers of Pt with an equivalent lattice parameter.

Supplementary Materials
This PDF file includes:
Sections S1 to S10
Figs. S1 to S12
table S1
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