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We investigate cooling of a vibrational mode of a magnetic quantum dot by a spin-polarized tunneling
charge current exploiting the magnetomechanical coupling. The spin-polarized current polarizes the
magnetic nanoisland, thereby lowering its magnetic energy. At the same time, Ohmic heating increases
the vibrational energy. A small magnetomechanical coupling then permits us to remove energy from the
vibrational motion and cooling is possible. We find a reduction of the vibrational energy below 50% of its
equilibrium value. The lowest vibration temperature is achieved for a weak electron-vibration coupling and
a comparable magnetomechanical coupling. The cooling rate increases at first with the magnetomechanical

coupling and then saturates.
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The ongoing miniaturization of electronic devices will
sooner or later have to face the problem of how to efficiently
remove inevitable heating from the devices. Up to now,
essentially all electronic devices operate on the basis of
dumping heat via passive sinks via the supporting structure.
Active or dynamical nanocooling has received little atten-
tion, although passive thermal transport is inefficient at
the nanoscale. In addition, most present nanoelectronic
or -magnetic devices function at low temperatures only.
Efficient applications will, thus, demand dynamic nano-
refrigerators. Nanocooling would also facilitate new experi-
ments which are not conceivable today due to the spacious
equipment required for cooling.

Various forms of nanorefrigerators in which heat is
carried by an electronic charge current have been proposed
[1]. We, in contrast, propose to use the electronic spin for
cooling, similar to the macroscale magnetocaloric demag-
netization cooling [2]. Typically, cooling requires the
opening and closing of heat links which is realized at
the macroscale by mechanically moving parts or using
coolants. This is impractical at the nanoscale. Instead, we
propose using spin-polarized currents to polarize a mag-
netic nanoisland, thereby lowering its magnetic energy.
Subsequent energy exchange due to a magnetomechanical
coupling between the magnetic and vibrational degrees of
freedom can then reduce the vibrational energy. Electric
losses give rise to Ohmic heating. Thus, a net cooling is
reached when the polarization of the magnetic moment is
faster than Ohmic heating.

In detail, we investigate the nonequilibrium quantum
dynamics of a magnetic quantum dot with a single
electronic level, a local magnetic moment J, and a single
vibrational mode as sketched in Fig. 1. The magnetic
quantum dot is weakly coupled to ferromagnetic spin-
polarized electronic leads via tunneling. Charge and spin
currents through quantum dots with an additional magnetic
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moment or an additional vibrational mode have been
studied extensively [3—10], but the full model including
both has been unexplored so far. For weak tunneling
contacts, the sequential tunneling processes dominate,
and a description by classical or quantum master equations
is adequate [11,12]. Spin-polarized currents can polarize
the local magnetic moment J against an applied magnetic
field and, thus, can lower its energy. At the same time, the
vibrational motion is heated due to Ohmic losses. The final
goal is to cool the vibrational mode by means of an
effective magnetomechanical coupling which allows for
an energy exchange between the local magnetic moment .J
and the vibrational mode. Such magnetomechanical cou-
plings have been suggested theoretically for a nanome-
chanical cantilever which interacts with a ferromagnetic tip
on its surface [13], for a nitrogen-vacancy (NV) impurity in
diamond which couples to the magnetic tip of a nano-
mechanical cantilever [14], for a magnetic nanoparticle or a
single molecular magnet attached to a torsional doubly
clamped resonator [15], and for a single electron spin which
couples to a flexural mode of a suspended carbon nanotube
[16]. The experimental detection of the coupling of an
individual electron spin and the magnetic tip of a cantilever
was successful [17]. Magnetomechanical coupling of a
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FIG. 1 (color online). Schematic consisting of ferromagnetic
leads, a quantum dot with a localized magnetic moment, and a
single vibrational mode.
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single NV center to a SiC cantilever has also been
demonstrated [18,19]. Furthermore, a strong coupling
between the magnetic moment of a single molecular
magnet and a suspended carbon nanotube has been reported
[20]. This magnetomechanical coupling can be explored for
cooling the vibrational motion. We provide an intuitive
picture of the concept and determine viable parameters
for the cooling of the vibration below its equilibrium
temperature. The lowest vibrational energy is achieved
for a weak electron-vibration coupling and a comparable
magnetomechanical coupling.

Model.—Our minimal model is sketched in Fig. 1. The
quantum dot is given as a single electronic level with
energy €. For small dots, the local charging energy exceeds
all other energies, and a double dot occupancy is forbidden.
The Hamiltonian is Hd:eo(cﬂaT —I—aiai)—l—(gug/h)BsZ,
with electron operators a, and ay, the g factor g, and the
Bohr magneton up. The spin projection quantum number
is ¢ and s, the z component of the electron spin
s = (1/2)Y, yas6,pa,. A small external field B splits
the spin states along the quantization axis. The localized
magnetic moment is modeled by a spin-1/2 impurity.
Generalization to higher spin values is possible. We denote
with J, = £#/2 the projection onto the quantization axis.
The corresponding Hamiltonian is H; = (gug/h)BJ .+
% (s - J), where the electronic spin and the local magnetic
moment J are coupled by an exchange interaction of
strength ¢, for simplicity, assumed to be isotropic. To
study the dynamical heating, a vibrational mode of fre-
quency @ is coupled to the dot. Using bosonic ladder
operators b and b, we obtain H,, = hwb'b + A(b + b)
Zgaj;a(,. The linear coupling of the electronic occupation to
(b + bT) allows us to excite or relax the vibrational mode
by each tunneling electron. It also describes heating of the
mode due to the charge current. The crucial ingredient is a
magnetomechanical coupling between the magnetic moment
J and the vibrational degree of freedom included by

Hygn =+ (b 4+ ) +02), )

where J, = (J,+iJ,)/2 are spin-1/2 ladder operators
inducing transitions between the magnetic states when at
the same time the vibrational mode changes its angular
momentum state [21]. Experimental values for £ and A can
readily be extracted for the existing experimental setups.
Ganzhorn et al. [20] realized a setup with a single molecular
magnet covalently bound to a carbon nanotube suspended
between two leads. The molecule has a magnetic ground
state of |J| = 6 and the ground state doublet J, = £6 is
separated from the excited states by several hundreds of
kelvin. Hence, an Ising-like spin flip between these two
states via quantum spin tunneling is dominant, and the
physics is well described by an effective spin 1/2. The spin

flip is accompanied by a transition in the vibrational mode,
and one finds [20] w = 34 GHz, £ = 1.5 MHz, and A =
w\/g = 26 GHz for g = 0.6, implying that £/@ ~ 4 x 107
and A/w ~ 0.76. For the NV centers [18], we have w =

27 x 625 kHz and & = gug(0B/0z)\/h/(2mw) ~ 172 Hz,
implying that &/w ~4 x 107, Another realization [19]
yields @ =2z x80kHz and &~8 Hz, such that
E/w ~ 107*. The quantum dot is tunnel coupled to two
ferromagnetic (FM) leads, whose magnetization directions
are, in general, noncollinear. They are modeled as non-
interacting electron reservoirs  Hicags = 2 ra(€ra — Ha)
(C};a +Chat T c};a_cka_), where c;,+ represents the annihi-
lation operator for an electron with the wave number k and
the majority or minority spin in the lead @« = L, R and
ur/g = eV /2 is the chemical potential of the leads shifted
by the applied bias voltage V. In the FM leads, the spin
species have different density of states at the Fermi energy.
We define the polarization p,= (v, —Vg_)/ Vgt +Va_)
of lead a by the relative difference in the density of states
V4 + for majority or minority spins at the Fermi energy. We
use p; = pr = p- All energies are measured relative to the
Fermi energy at zero polarization. Spin dynamical effects,
which affect the vibrational dynamics, are influenced by
the relative angle between the magnetization directions of
the leads due to the exchange field on the dot [3]. The
source lead polarization is chosen as antiparallel to B.
We consider three setups with drain polarization parallel
({{), perpendicular (| —), or antiparallel ({1) to the
source. To have an overall quantization axis, the tunneling
Hamiltonian depends explicitly on spin rotation matrices

as Ht = Zk,a:L/R[tkaA A CZka+H C. ] with A=
(a%ai)’ Ck,a = (CkaJrv Cka—)’ and A =A (Rpar) = I,
ARani) — 5 and ARPP) — (1 - j6,)/ \/_ 2 for the three

setups. The hybridization with the dot state in the wideband
limit is given by T'y = 27|t > (Vo + Vo).

Method.—Spin polarization and excitations of the
vibration are explicit dynamical processes while the lead
electrons can be integrated out. The time evolution of the
reduced density matrix includes the dot electrons, the
magnetization, and the vibration and obeys the kinetic
equation [11,12]

O (1) = —i(e,, — €,,)pa (1)
/ dtZMN' (1.1) t), (2)

X])(z

with €, describing the system’s eigenenergies. It includes
all quantum coherences of the system as well as all
nonequilibrium effects due to the leads. In practice, we
diagonalize numerically the Hamiltonian of dimension 6n
spanned by the states spin-up, spin-down, and empty for
the dot electron level with spin-up or spin-down of the
local magnetization. n is the number of vibrational states
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necessary for convergence and depends on A, 7, and V.
Here, n = 6 is sufficient. For small tunnel couplings
I'y < (B,q,4,kgT), the tensor M can be expanded to
lowest orders in I',. Taking into account the finite bias
voltage, this gives irreducible self-energies on the Keldysh
contour [11,12]. The leads are held at temperature 7.

In the Markov limit, we solve the kinetic equation and
calculate the occupation probabilities for the subspaces of
the dot, the local magnetic moment and vibration are by
further tracing over the respective other degrees of freedom.
Then, we monitor the spin polarization of the dot and
population of vibrational states. The electron current
follows by standard means [3].

Principle mechanism.—To provide a qualitative under-
standing, we start from an empty dot and the local magnetic
moment J being aligned with the magnetic field, say,
pointing upwards, i.e., being in the high-energy state. The
vibrational degree of freedom is assumed to be in a thermal
state at the lead temperature 7. A source lead perfectly
polarized down enforces all electrons tunneling into the
quantum dot to have spin-down. The tunneling of a single
spin-down electron onto the dot lowers the dot energy
because of the s - J-exchange coupling. Because of the FM
leads together with the local magnetic field, the electron
spin and the localized magnetic moment are not conserved.
This permits a spin flip of the electron spin upwards and the
local moment downwards. This lowers the energy of the
local magnetization which is transferred to the electron.
If the drain is polarized antiparallel to the source, i.e.,
upwards, the electron can tunnel preferably out of the dot
only after its spin has flipped. Thus, antiparallel polarized
leads ensure spin flips and, thus, lower the total current.
Any electronic population of the dot generates vibrational
transitions due to the electron-vibration coupling A. At
finite bias voltage, this generates Ohmic heating of the
vibration above the lead temperature. In turn, the magneto-
mechanical coupling £ now provides a possibility for an
energy exchange between the magnetization and the
vibration. In particular, the vibration can relax while the
magnetization is flipped upwards and, thus, parallel to
the magnetic field again, which reflects its high-energy
state. The next spin-down electron, which tunnels into the
quantum dot, will remove this energy, and a net cooling of
the vibrational motion results. Nonperfect lead polariza-
tions will lower the cooling efficiency since not every
electron spin will be forced to flip.

Results.—To confirm this qualitative picture, we show in
Fig. 2(a) the time evolution of the local magnetization (/)
for the parallel ({]), the perpendicular (| —), and the
antiparallel (| 1) lead polarizations. The system is initial-
ized by allowing equilibration with the leads at V = 0.
A Boltzmann distribution defines an initial temperature
Tinie = (Hpn(t = 0))/kg of the equilibrated vibration
before applying a bias voltage. For (}|) alignment,
electrons with majority spin can tunnel through the
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FIG. 2 (color online). (a) Polarization (J.)/% of the localized
magnetic moment along the z direction, (b) charge current
(Ih/el’), (c) vibrational energy (H,)/e€p, and (d) probability
Py to find one electron on the quantum dot as a function of time
for the three different lead setups. The remaining parameters
are p=09, Al =0.0l¢y, B =0.7¢y/(gug), hw = 0.75¢,
kpT = 2¢y, g = 0.4¢y, £ = 0.06¢y, 1 = 0.2¢y, and eV = 1.2¢,.

quantum dot without flipping the spin. No spin blockade
occurs, and the steady state with a large charge current is
reached on a time scale of I'™! [see Fig. 2(b)]. The energy of
the vibrational mode, i.e., <th> /€y, increases slightly; see
Fig. 2(c). Subsequently, due to the weak coupling between
the vibration and J, a slow decrease of the polarization
(J.)/n follows; see Fig. 2(a).

For the (| —) alignment, the different spin carrier
distributions in the leads cause a strong spin blockade
which suppresses the current [see Fig. 2(b)] as compared
to the (| |) case. At the same time, a sizeable electron
spin accumulates on the dot. A partial polarization (J.) /A
and cooling, i.e., a decrease of the vibrational energy, is
observed. An optimal polarization of the local magnetic
moment is, however, obtained for the (| 1) alignment. Here,
the minimal steady-state current and the lowest energy in
the vibrational mode, the strongest cooling, is found. In
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FIG. 3 (color online). Effective vibrational temperature Ty in
the stationary limit versus electron-vibration coupling A and
magnetization-vibration coupling &£. Inset: Vibrational energy
(th> versus time for different electron-vibration coupling
strengths A. The remaining parameters are as in Fig. 2.
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FIG. 4 (color online). Effective vibrational temperature 7'
in the stationary limit versus magnetic field gupB and spin-
magnetization coupling g. The used parameters are & = 0.12¢,
A = 0.1¢q, with the remaining parameters as in Fig. 2.

Fig. 2(d), the dot occupation probability P, is shown as a
function of time for all three setups. The finite charge
accumulation for all lead polarizations combined with the
different steady-state currents [see Fig. 2(b)] demonstrates
the current blockade for the antiparallel setup. As expected,
the |1 setup is shown to be optimal in two respects. First,
it produces the largest magnetic polarization of the dot
against an applied magnetic field and, thus, lowers the
magnetic energy of J optimally. Second, the spin blockade
suppresses the charge current and enforces that each
transmitted electron can contribute to the polarization
process and, thus, to cooling. Additionally, the Ohmic
heating is directly connected to the charge current and,
therefore, suppressed, which significantly improves the
cooling efficiency.

We focus on weak-to-intermediate electron-vibration
coupling where the vibrational blockade is absent. For
£ =0, we observe for all setups an increasing energy
(Hpn) /€ of the vibrational mode with a stronger heating
for a larger electron-vibration coupling. For a finite
magnetomechanical coupling £ # 0, energy is exchanged
with the polarized or cooled local moment, and a net
cooling of the vibrational mode results. In total, these
results illustrate the proof of principle of cooling a magnetic
nanodevice by a spin-polarized current.

In order to quantify the cooling, we define an effective
vibrational temperature 7', assuming a Boltzmann distri-
bution in the steady state [22] as

Ton = (Hpn)siat/ K- (3)

Figure 3 shows the ratio of Ty, and the initial temperature
Tt as a function of the electron-vibration coupling 4 and
the magnetomechanical coupling £. Cooling is achieved
in the full parameter regime depicted. As expected, with
increasing electron-vibration coupling A, the effective
vibrational temperature increases (see inset of Fig. 3).
Surprisingly, for fixed 4, we observe a nonmonotonic
dependence of the cooling as a function of & (vertical
cut in Fig. 3). At first, T}, decreases with increasing £.
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FIG. 5 (color online). (a) Vibrational cooling rate I, versus
the magnetomechanical coupling & for two electron-vibration
couplings 4 =0.ley and A= 0.2¢,. (b) Effective vibrational
temperature in the initial, thermalized state (T, V =0, red
dashed line) and in the final steady state (Tph, V > 0, blue solid
line) as a function of the lead temperature T for £ = 0.12¢, and
A = 0.leg. The remaining parameters are as in Fig. 2.

However, a minimum is reached where cooling is optimal.
For further increasing &, the effective vibrational temper-
ature increases again. In Fig. 4, T, is shown as a function
of the magnetic field gupB and the spin-magnetization
exchange coupling g. For higher magnetic fields, the
cooling effect is increased since the energy gain due to
the spin polarization is proportional to the magnetic field.
Additional fine structures are observed and traced back to
resonances between spin flips and vibrational transitions
(see dashed lines in Fig. 4 for the noninteracting limit, &,
A —0). An effective temperature as in Eq. (3) can be
defined at all times. We find an exponential approach to the
steady state. Thus, we can determine the effective cooling
rate I'.,,; by a fit to our numerical results according to
Tyn(1) = Ty (00) + e T [Ty = Ty (00)].  Figure  5(a)
depicts the cooling rate versus the magnetomechanical
coupling for two values of electron-vibration coupling, i.e.,
A=0.1¢y and A= 0.2¢y. We observe initially a strong
increase of the cooling rate with increasing £. For £ 2 0.1,
however, the cooling rate saturates.

The initial and the asymptotic effective vibrational
temperatures as a function of the lead temperature 7' are
shown in Fig. 5(b). For the depicted temperature range, the
initial temperature T}y exceeds the steady-state value Ty,
thus, maintaining the cooling effect for a range of lead
temperatures of at least one order of magnitude. We also
observe that T, is not directly proportional to the lead
temperature which originates from the preparation of our
initial state which includes all couplings.

Conclusion.—We have established a simple model to
illustrate the principle of cooling a magnetic nanoisland by
a spin-polarized charge current. It is based on the polari-
zation of the island magnetization by the flowing polarized
electron spins and a subsequent removal of thermal energy
from the vibration via a magnetomechanical coupling.
Interestingly, this coupling also overcompensates Ohmic
heating and leads to a significant lowering of the energy
stored in the vibration. We also have found that the cooling
rate saturates as a function of the magnetomechanical
coupling, implying that not very strong couplings are
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required to observe the proposed effect. We are confident
that this mechanism could be realized in magnetic molecu-
lar nanojunctions by present-day technology.
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