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The magnetocaloric effect in bcc iron and hcp gadolinium is simulated on pico- and nanosecond time scales
using Langevin spin dynamics on a discrete lattice, with parameters determined from ab initio calculations. It
is found that transient external magnetic fields can drive thermodynamic cycles even in strongly nonequilibrium
spin configurations, and that these are correlated with changes to the dynamic spin temperature. The theoretical
predictions are found to agree closely with existing experimental measurements.
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In 1917, Weiss and Piccard [1,2] discovered the mag-
netocaloric effect (MCE) experimentally. It describes the
property of materials such as 3d or 4f magnetic metals [3–6]
to exhibit transient temperature changes when placed in or
removed from a magnetic field. The occurrence of the MCE
stems from a competition between thermal fluctuations of
directions of magnetic moments and their alignment by an
external magnetic field, and it can be interpreted as resulting
from the variation of the specific heat as a function of the
external magnetic field. Existing theoretical treatments of the
MCE rely on thermodynamic arguments that relate the entropy
and temperature of a magnetic system in equilibrium to the
magnitude and direction of an external magnetic field ([7],
and references therein).

Since Brown [4] built the first prototype room-temperature
magnetic refrigerator using Gd as the magnetocaloric material,
and Pecharsky and Gschneidner [8] discovered a giant MCE
in Gd5(Si2Ge2), a remarkable amount of research effort has
been devoted to the design of magnetic refrigerators or
heat pumps [9,10], as well as to the development of new
magnetocaloric materials [11–17] and ways of modeling and
improving them [16–19]. A commercial room-temperature
magnetic refrigerator is expected to be designed in the near
future. Magnetic cooling is proposed as a realistic option for
micro- or nanoelectronic devices [20–22].

Still, relatively little is known about the sensitivity of the
MCE to microstructure, specifically about how dislocations
and point defects affect temperature-dependent magnetic
properties [23–25]. The example of α-γ structural phase
transformation in Fe illustrates a complex interplay between
magnetism and structural stability [26]. Analysis shows that
lattice temperature, as defined through the average kinetic
energy of atoms, can be related to a similar quantity describing
a dynamic ensemble of magnetic moments [27]. The latter
makes it possible to define temperature for an arbitrary
noncollinear configuration of moments, and in addition, to
evaluate the rate of temperature change for a dynamically
evolving magnetic system, on a mesoscopic or atomic scale.

This makes it possible to perform a microscopic dynamic
simulation of the MCE in a real magnetic material, for example
Fe or Gd. So far, simulations of the MCE were performed
quasistatically using Monte Carlo algorithms [28,29] that
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assume local thermodynamic equilibrium and hence do not
treat the dynamic evolution of magnetic moments. We show
that by using spin dynamics on a discrete lattice, it is possible
to simulate MCE cycles in the time domain where the magnetic
subsystem of a material is driven by the transient external field
and hence remains far from equilibrium. Parameters used in
the simulations are derived from ab initio calculations for bcc
Fe and hcp Gd, which we treat as representative examples of
3d and 4f magnetic metals.

A Hamiltonian for an ensemble of interacting magnetic
moments (spins) in an external magnetic field is [26,30,31]

H = HH + HL, (1)

HH = −1

2

∑
ij

Jij Si · Sj − Hext(t) ·
∑

i

Si , (2)

HL =
∑

i

AS2
i + BS4

i + CS6
i + DS8

i . (3)

Here Si = −Mi/gμB is a dimensionless atomic spin vector
and Mi is the vector magnetic moment of an atom. Hext(t) =
−gμBH̃ext(t) is a dimensionless field, related to an external
magnetic field H̃ext(t), where g is the electron g-factor and
μB is the Bohr magneton. HH is the Heisenberg part of the
Hamiltonian describing interactions between atomic moments
and collective magnetic excitations, and HL is the Landau part
of the Hamiltonian representing atomic longitudinal magnetic
degrees of freedom.

Langevin equations of motion for the spin vectors are [30]

dSi

dt
= 1

�

[
Si ×

(
− ∂H

∂Si

)]
− γ

∂H
∂Si

+ ξ i , (4)

where γ is a damping parameter, the magnitude of which is
proportional to the strength of dissipative interaction between
an atomic spin and its environment, ξ i is a δ-correlated
fluctuating thermal force, satisfying conditions 〈ξ i(t)〉 = 0 and
〈ξiα(t)ξjβ(t ′)〉 = μδij δαβδ(t − t ′). Subscripts α and β refer to
the Cartesian components of a vector, and parameters γ and μ

are related through the fluctuation-dissipation theorem [32,33]
as μ = 2γ kBT . These equations of motion are different from
the Landau-Lifshitz-Gilbert equations [34] that contain no
dissipation term and usually describe magnetic dynamics on
the mesoscale [35].

The exchange coupling parameters Jij vary from one
magnetic material to another, but they can be computed
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FIG. 1. (Color online) Temperature and magnetization of bcc Fe and hcp Gd predicted by spin-dynamics simulations. Simulation cells
containing 54 000 spins are initially thermalized at 950 K for Fe and at 300 K for Gd. Thermodynamic cycles are triggered by applying an
external magnetic field, H̃ext = 200 T in the case of Fe and H̃ext = 20 T in the case of Gd. Instantaneous spin temperature is evaluated using the
formula T = ∑

i |Si(t) × Hi(t)|2/2kB

∑
i Si(t) · Hi(t) derived in Ref. [27]. The plots illustrate how a magnetic material responds to a transient

external magnetic field.

using an ab initio electronic-structure multiple-scattering
formalism. We use a method developed by Schilfgaarde
et al. [36], based on the linear muffin-tin orbital approximation
combined with the Green’s-function technique (LMTO-GF).
The Landau coefficients A, B, C, and D in (3) are derived
from constrained magnetic moment calculations performed
using VASP [37]. By constraining the magnitude of the total
magnetic moment of a simulation cell, we compute the
total energy as a function of magnetic moment and then
match the ab initio data to the Landau energy-magnetization
curve (3).

The electronic structure of bcc Fe is computed using the
generalized gradient approximation of Perdew, Burke, and
Ernzerhof (GGA-PBE) [38] and a 30 × 30 × 30 k-point Bril-
louin zone mesh for the lattice constant of a = 2.8665 Å. The
electronic structure of hcp Gd is computed in the GGA-PBE
using a two-atom unit cell with lattice parameters a = 3.629 Å
and c = 5.796 Å, and a 16 × 16 × 9 k-point mesh. In the

treatment of the electronic structure of Gd, we take into account
the effect of intra-atomic Coulomb repulsion through the use
of the GGA + U functional [39], with U = 6 eV [40,41].
Details are described in the supplemental material [52], and
the Heisenberg-Landau parameters derived from ab initio
calculations are given in [42].

Spin-dynamics simulations were performed by directly
integrating Eq. (4) for cells containing 16 000 atomic spins
ordered on a bcc or hcp lattice. Heisenberg interaction
parameters Jij extend to (8 + 6) or (6 + 6) first- and second-
nearest-neighbor lattice sites of Fe or Gd. The magnetic
specific heat is evaluated by differentiating the magnetic
energy with respect to temperature Cs = ∂〈E〉/∂T . The Curie
temperature TC is identified with the position of its maximum.
We find T Fe

C ≈ 1000 K and T Gd
C ≈ 260 K, in good agreement

with experimental values of 1043 K for Fe and 293 K for Gd.
In simulations involving an external magnetic field, to re-

duce finite-size sample thermal fluctuations, larger simulation
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cells were required. We use simulation cells containing 54 000
spins, and we thermalize them at 950 K for Fe and at 300 K
for Gd. Since the MCE is most pronounced at temperatures
close to TC [7,14], we explore temperature ranges close to the
Curie temperature of each material. The Langevin damping
parameters describing dissipative interaction between atomic
magnetic moments and their environment are deduced from
laser pulse demagnetization experiments [30,43,44]. Parame-
ters characterizing dissipative spin dynamics in Fe and Gd are
γ Fe = 5.88 × 1013 eV−1 s−1 and γ Gd = 8 × 1013 eV−1 s−1.

Figure 1 shows how magnetization and spin temperature
vary as functions of time following transient changes in the
external magnetic field. The instantaneous spin temperature
Ts is evaluated according to Ref. [27] as 2kBTs = ∑

i(Si ×
Hi)2/

∑
i(Si · Hi), where Hi = −∂HH/∂Si is the sum of

Heisenberg exchange and external fields acting on spin Si .
Magnetic fields of 200 and 20 T were used for simulating
the MCE in Fe and Gd, respectively. Relatively high strength
fields are required to suppress thermal fluctuations. A sudden
increase or reduction of Ts corresponds to adiabatic magneti-
zation or demagnetization of the material. If the magnetic field
is turned on, Ts increases by approximately 100 and 40 K, that
is, by approximately 0.5 and 2 K per Tesla (T), for Fe and Gd,
respectively. This agrees with experimental data for Fe [6],
where response is in the range between 0.25 and 1.5 K/T in
the temperature interval from 936 to 1029 K, and with the data
for Gd [48], where response is close to 3 K/T at low field,
2.2 K/T at 5 T, and 1.8 K/T at 10 T near the T = TC . We note
that the magnitude of response is nonlinear, and a larger effect
is observed at smaller magnetic fields.

Energy transfer to and from the reservoir, which in the case
of the MCE, corresponds to the electronic and lattice degrees
of freedom [45–47], depends on the difference between the
spin temperature and that of the reservoir. The strength of
coupling between them is determined by parameter γ , which
defines spin-relaxation time scales. Since coupling between
the spins and the lattice is weaker than that between spins
and electrons, lattice dynamics plays a relatively minor role
in the MCE. Furthermore, magnetization does not relax at
the same rate as spin temperature since a thermodynamic
cycle is not a fully equilibrium process. In the same way
that the formula 3kBTl = N−1 ∑

i mv2
i for kinetic tempera-

ture may be applied to a nonequilibrium configuration, Ts

characterizes a magnetic configuration even if the energy
distribution of magnetic excitations differs from the Gibbs
distribution.

An MCE process illustrated in Fig. 1 and involving adia-
batic magnetization, isofield cooling down, adiabatic demag-
netization, and isofield heating up completes a thermodynamic
cycle known as the Brayton cycle. Using thermodynamics,
we write dQ = dE − dW and dS = dQ/T , where dQ is
the amount of heat absorbed by the system, dW is work
done on the system, and S and E are the entropy and
the energy of the system. For a spin ensemble interacting
with a rapidly changing external magnetic field, dE = dW =
−∑

i Mi · dH̃ext. If the external field change is instantaneous,
magnetic moments can be treated as static. The system then
takes time to respond and exchanges heat with the reservoir
where dE = dQ. Entropy change dS is deduced from dE,
dW , and T , which are computed at every simulation time

FIG. 2. (Color online) Brayton cycles corresponding to Fig. 1.
Each cycle involves adiabatic magnetization, isofield cooling down,
adiabatic demagnetization, and isofield heating up, respectively. Note
that 1 μeV K−1 at−1 = 1.73 J kg−1 K−1 for Fe and 0.62 J kg−1 K−1

for Gd.

step. We note that if the external field is parallel to the average
direction of magnetic moments, its increase lowers the energy
E. However, this does not decrease the spin temperature, since
there is no direct relationship between spin energy E and spin
temperature T . For example, higher temperature is required to
reach the same degree of directional disorder if spins interact
with a stronger external field.

Figure 2 shows the Brayton cycles corresponding to Fig. 1.
The cycles do not form closed loops due to the nonequilibrium
nature of the simulations. Still, relaxation is sufficiently
fast in comparison with the simulation time scale to make
a reasonably accurate estimate for the entropy production
possible. For the cycles shown in Fig. 2, the amount of
heat per cycle is approximately 2.6 and 1.4 meV at−1 for
Fe and Gd at 200 and 20 T, respectively, as given by the
loop areas. Experimental data for Gd [48] at 300 K give
�T up to 10 T and �S up to 5 T, where �T can be well
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approximated by a quadratic curve and �S by a line as
functions of the field. A projection to 20 T gives the value
of 1.7 meV at−1 (1062 J kg−1), which agrees well with
observations.

By varying the magnitude of the damping parameter γ , we
can control the relaxation time scale. Relaxation time scales
determine the maximum repeat rate of Brayton cycles that can
be realized using a particular material. For example, Fe and
Gd can be operated in the extremely high-frequency (EHF)
and ultrahigh-frequency (UHF) ranges, respectively. In either
case the relaxation time scales are many orders of magnitude
shorter than the rate of presently available room-temperature
refrigerator prototypes operating at 10 Hz [9,10]. Kuz’min [49]
noted an upper frequency limit of 200 Hz for magnetic
refrigeration, associated with the use of a liquid coolant with
relatively low thermal conductivity. Our simulations show
that for small systems, a different approach can be followed,
where electrons themselves act as highly thermally conducting
coolant. Since spins, lattices, and electrons can have different
temperatures [46,47] and can be equilibrated individually, this
opens a way to designing high-frequency magnetic cooling
devices for micro- or nanoelectronics. This is related to the
interaction between spin, charge, and heat currents discussed
in relation to spintronics [50]. We also note a magnetic
refrigeration route proposed by Kovalev et al. [51], who
proposed a magnetocaloric device in which cooling is done by
moving domain walls producing heat flow. A high-frequency

magnetocaloric device can be coupled to a terahertz laser
controlling magnetic dynamics [35].

In summary, we performed fully dynamic microscopic
simulations of the magnetocaloric effect in bcc Fe and hcp
Gd, with the Heisenberg and Landau parameters of the
Hamiltonian of interacting atomic magnetic moments derived
from ab initio simulations. The simulations are capable of
describing complete thermodynamic cycles involving dynamic
adiabatic magnetization, isofield thermalization, adiabatic
demagnetization, and isofield thermalization, and the micro-
scopic equilibrium and nonequilibrium relaxation aspects of
the MCE phenomenon. The theoretical predictions involve
no free parameters, and are found to closely agree with
experimental measurements.
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