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1 Inroduction

Presently, there is much interest in molecular (nano)magnets with unique superparamagnetic proper-
ties, which may be used for quantum computing and memory storage [1-4]. A remarkable feature of
nanomagnets is that these macromolecules with large effective molecular spin (e.g., S = 10 for Mn;2-
acetate) can keep their spin orientation upon the reversal of the external magnetic field [3,4]. Because of
the strong molecular anisotropy, the spin of a nanomagnet is directed preferentially along the so-called
easy axis of the crystal, and it leads to a considerable energy barrier between the spin-up and spin-down
states. At low temperatures, in a magnetic field directed along the easy axis, the states with spin along
the field and against the field become stable and metastable, respectively. The energy difference between
the two states is determined by the Zeeman energy (), as illustrated in Fig. 1, with the energy barrier
designated by F,. The barrier hinders spontaneous transition from the metastable to stable state at low
temperatures [4,5], so that fast spin flipping requires help from outside.

For nanomagnets composing a crystal, relatively fast spin flipping of one particular molecule may bein-
duced by energy supplied by its neighbors. When all or most of the molecules of a crystal are initially in
the metastable state, then local heating by an external source may trigger local spin
flipping, with Zeeman energy released in the

heated region and transported to the next layer of

the crystal [2,6-10]. The released heat facilitates

spin flipping in the next layer, so that the process

spreads in a crystal as a thin, self-supporting mag- H
netization front. In such a front thermal energy is
transported by means of thermal conduction and
the total front propagates at moderate speed, 1-10
m/s [2,6]. Due to the striking similarity of such
avalanches to slow combustion flame, this phe-
nomenon has been called magnetic deflagration.

Figure 1: Schematic representation of the double-
well structure of a nanomagnet in an external mag-
netic field.
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In contrast to the slow magnetic deflagration studied in the absolute majority of works on the subject
[2,6-8], recent experiments presented in Ref. [9] detected ultrafast spin avalanches propagating at a
speed comparable to the sound speed in the crystals, ~ 2000 m/s. The theory presented in Ref. [10] has
explained the ultrafast spin avalanches in terms of “magnetic detonation” and has investigated the key
properties of the process. In particular, it has been demonstrated that magnetic detonation belongs to the
type of weak detonations and propagates with speed only slightly exceeding the sound speed. Reference
[10] has also studied the structure of magnetic detonation within the traditional combustion model of
a detonation front consisting of an infinitely thin leading shock and a zone of energy release of finite
thickness [11].

The purpose of the present work is to provide an accurate description of the magnetic detonation struc-
ture in crystals of nanomagnets by taking into account thermal conduction and volume viscosity. We
point out that, unlike commonly known shear viscosity arising due to the relative motion of gas or fluid
layers, volume viscosity describes momentum and energy dissipations due to compression of a medium.
While shear viscosity is not typical for solid-state processes such as magnetic detonation in the crystals
of nanomagnets, volume viscosity has to be considered. Here we show that the transport processes re-
sult in smooth profiles of the most important thermodynamic crystal parameters, such as temperature,
density, and pressure, all over the magnetic detonation front, including the leading shock.

2 Basic features of magnetic detonation

Here we are interested in a planar stationary one-dimensional detonation wave propagating with con-
stant supersonic speed D. Although we deal with the solid state physics, propagation of shocks and
detonations in crystals of nanomagnets are also described by hydrodynamic conservation laws of mass,
momentum, and energy similar to gaseous detonation [11].
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where ¢ is the thermal energy per unit mass, () stands for the Zeeman energy release, and a is the
fraction of molecules in the metastable state; the label O designates the initial state. The conservation
laws Eqs. (I)—(3) have to be complemented by an equation of state. It is convenient to define a new
dimensionless value = p/pg = Vp/V, which describes the crystal compression in the process. Weak
shock and detonation cause only elastic deformations so that the crystal state equation can be written as
a combination of elastic and thermal components as [7,12]
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where cg ~ 2000 m/s is the sound speed in the crystal, the power exponent n ~ 4 as suggested in [12],
I" ~ 2 is the Gruneisen coefficient, & = 3 stands for dimension of the problem, © p = 38 K is the Debye
temperature for Mn1, kg is the Boltzmann constant, coefficient A = 1274 /5 corresponds to the simple
crystal lattice. In the above equations the thermal conduction and viscous forces have been omitted,
their influence will be described in the next section. The Zeeman energy () and the activation energy E,
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are determined by the applied magnetic field and can be obtained from the system Hamiltonian [6] as

Magnetic detonation

R
Q = 29HBMSZB,27 (6)
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where g ~ 2 is the gyromagnetic factor, 1 p is the Bohr magneton, R is the ideal-gas constant, M =
1868 g/mol is the molecular mass, S, is the spin projection (S, = —10 for metastable and S, = 10 for
stable states), B, is the magnetic field directed along the easy axis of the crystal, and D = 0.65 K is
the magnetic anisotropy constant. According to those expressions the Zeeman energy increases linearly
with the magnetic field, while the activation energy decreases and becomes zero at B, ~ 10 T, at higher
fields the potential barrier, shown in Fig. 1 disappears and all the molecules settle on the stable level
with S, = 10.

The properties of shocks (detonations) are usually represented by the Hugoniot (detonation) curves
P = P(V), which show all possible final states behind a shock, determined by Egs. (1-5) for a given
initial state and energy release. We reduce Egs. (1-5) to a single equation for pressure as
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In the case of zero energy release, a = 1, Eq. (8) describes the Hugoniot curve for a shock wave (label
s). The leading shock compresses the crystal with corresponding increase in density, pressure, and tem-
perature. The temperature increase initiates spin flipping (similar to chemical reaction in combustion)
with the Zeeman energy release. The released energy provides expansion of the medium, acting as a
piston, supporting the leading shock. In the case of complete spin reversal, a = 0, Eq. (8) describes the
final state behind the detonation front (label ). The Hugoniot and detonation curves obtained using Eq.
(8) are shown in Fig. 2 for B, = 4 T. Due to the energy release, the detonation curve is always above
the Hugoniot one. In the case of Mni we find that the elastic contribution to the pressure and energy
dominates over the thermal one, which leads to a rather weak detonation with the shock and detonation
curves almost coinciding, see the inset of Fig. 2.
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tion curves in Fig. 2. In the new representa-
tion, the tangent line corresponds to the zero line,
while the Hugoniot and detonation curves may be
distinguished quite well. Changes of the crystal
parameters in the CJ detonation are indicated by
the bold line with arrows: the parabolic piece of
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Figure 2: The insert: Traditional presentation of the
Hugoniot and detonation curves and the tangent line
to the detonation curve in Mnjs-acetate for the ex-
ternal magnetic field H, = 4 Tesla. The main plot:
The Hugoniot and detonation curves with the tan-
gent line extracted; label ”t” stands for tangent.
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the line shows modifications within the leading
shock, while the straight piece describes the Zee- 20 P
man energy release in the detonation behind the / £ s
shock until the spin reversal is complete in the fi- 15 / CanE

nal CJ point.
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From Fig. 2 we see that the magnetic deto-
nation compresses the Mnjscrystal very slightly T
(< 2%), which allows us to derive an analytical o=
expressions for detonation parameters using ex- /
pansion = 1 + ¢ with § << 1. In such a way ol
we find that the final compression can be com- H (Tesla)
puted as

Figure 3: Temperature and density at the leading
dg= l &, (9) shock and behind the detonation front versus the ex-
coVn+l ternal magnetic field. Solid lines show exact numer-
while the compression behind the leading shock jcal solution; the dashed lines stand for the analyti-
is twice larger, 6; ~ 204. The detonation speed cal theory Eq. (9) and Eq. (11).
may be found from Eq. (1) and Eq. (9), as

n+1
2

D~ co+ rQ. (10)
The second term in the right-hand side of Eq. (11) is less than 2% with magnetic field under 4 T, being an
example of very weak detonation wave as compared with regular combustion. Finally the temperature
at the detonation wave may be determined as

MQe: T [27Q
a+1 _ D
Tyt =(a+ )= P <1+1200‘/n+1>' (11)

We plot temperature and density at the shock and behind the detonation front in Figure 3. Together with
approximate expressions from Eqs. (9-10) we also present exact solution to the whole set of equations
(1-5), which almost coincide with the analytical solutions.

3 Detonation front structure with heat conduction and volume viscosity

In order to take into account volume viscosity and heat conduction, we rewrite the equations of momen-
tum, and energy conservation for magnetic detonation as

du
Py + p0D2 = P+ pu2 — 77%, (12)
P 1 P 1 dT du
poD 50+f0+7D2+Q = pu e+ — 4 -u? — K= —Nu—. (13)
o 2 p 2 dx dz

The equation for mass conservation does not change. The internal structure of magnetic detonation can
be obtained by integrating the equation for kinetics of spin relaxation [6], which strongly resembles the
Arrhenius law of chemical kinetics. In the reference frame of the stationary magnetic detonation front,

it can be written as 5 P
LA - <—> , (14)
ox T
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Figure 4: (Left) Pressure-volume diagram for different values of the scaled viscosity 7/ =
0.0025, 0.005, 0.01 in external magnetic field B, = 4 T. (Right) Profiles of scaled pressure, temper-
ature, and fraction of nanomagnets in the metastable state for magnetic detonation for scaled viscosity
1/ = 0.05 in the external magnetic field B, = 4 T.

where 7 ~ 1077 s is a constant of time dimension characterizing the spin reversal [2,7]. We have
found that thermal conduction influences slightly the temperature profile in magnetic detonation, with a
very minor effect on density and pressure and with negligible modifications of the total front thickness.
Much more dramatic modifications of the magnetic detonation structure are expected because of volume
viscosity.

It is convenient to characterize the role of viscosity by the dimensionless parameter

no_
pocoLo  pocdT’

n! 15)
which plays a role similar to the inverse Reynolds number in fluid mechanics [11]. To the best of our
knowledge, there have been no works, either experimental or theoretical, investigating volume viscosity
in crystals of nanomagnets, and therefore we will take 7/ as a free parameter. In particular, the parameter
values n/ = 0.0025, 0.005, 0.01 employed below correspond to the domain of Reynolds numbers
Re = 10200, at such values of the Reynolds number gas and fluid flows are typically laminar.

In case of small finite values of volume viscosity 7/ ~ 0.01 the pressure-volume diagram, presented in
Fig. 2 changes significantly, as demonstrated in Fig. 4a. We observe that all discontinuous jumps of
the previous model [10] are replaced by continuous transition lines from the initial point to the CJ det-
onation products. For very small viscosity, i/ = 0.005, the transition line (blue), although continuous,
goes pretty close to the Hugoniot curve for the shock and then to the tangent line for the spin-flipping
process. As we take larger values of volume viscosity, deviation of the pressure-volume plots from the
discontinuous shock model becomes much more pronounced. The internal detonation front structure
also exhibits continuous transition of all flow quantities from initial to final state, as shown in Fig. 4b.

It leads to another interesting aspect that is the very definition of a shock as a part of the magnetic deto-
nation front becomes ambiguous when volume viscosity is taken into account. To avoid the ambiguity,
we notice that within the model of a discontinuous shock, the pressure maximum is attained at the shock
front, and then pressure goes down as the spin flipping starts. In the same way it seems natural to treat
the point of maximal pressure in Figs. 4b and 5 as the back side of the shock region. In Fig. 5 we present
pressure profiles for several values of the scaled viscosity, choosing z = 0 as the position of the pressure
maximum and hence the back side of the shocks. Then the regions corresponding to z < 0 belong to the
shocks smoothed by viscosity, while the domain of z > 0 may be treated roughly as the regions of spin
flipping with Zeeman energy release.
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It should also be mentioned that the experimen- 100

tally employed sample sizes for the crystals of 10,005 1'=0.0025

nanomagnets are about 2 mm (e.g., see Refs. 80 NI

[2,9]). As a result, it is rather difficult to ob- o Shock

serve steady, well-developed magnetic detonation é Spin flipping
in common experimental conditions since such & , ool

observations require samples much larger than the 7 /

detonation front thickness. Instead, we suggest 20

that most of the experimental points reported in -/

Ref. [9] for ultrafast magnetic avalanches corre- 0_20 10 0 10 20 30 40
spond to magnetic detonation in the process of de- z/Ly

velopment, which is also indicated by the average

avalanche speed in the samples being noticeably Figure 5: Pressure profiles in magnetic detonation
below the sound speed. Then, in order to observe for different values of the scaled viscosity, external
a well-developed magnetic detonation one has to magnetic field B, =4 T.

perform experiments with much bigger crystals of

nanomagnets, simultaneously reducing the detonation front thickness as much as possible. In the case
of relatively small viscosity, 7 = 0.005, the detonation front thickness may be reduced by decreasing
the scaled activation energy of spin flipping E,/Ts. This, in turn, may be achieved by increasing the
external magnetic field B, or by adding a transverse-magnetic-field component B,. In some respects
the transverse field also mimics the presence of the transverse-magnetic anisotropy, which may lead to
splitting of spin states even at zero magnetic field and, consequently, to changing the activation energy.
Another important feature of the experimental observations of Ref. [11] is that the ultrafast avalanches
were obtained for the magnetic field close to the quantum resonance values of the nanomagnets. Quan-
tum resonances lead to a strong decrease in the factor 7 in the kinetic equation of spin flipping, Eq. (14),
and hence of the characteristic width of the magnetic detonation front, which may allow experimental
observation of magnetic detonation.
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