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Mechanism of the strong magnetic refrigerant performance of LaFe3_,Si,
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Electronic structure calculations reveal the presence of several shallow minima and maxima in the energy-
vs-magnetization curves, which otherwise are surprisingly flat. The main implication—a fast magnetization
and/or demagnetization process with little hysteresis—is of primary importance for the performance of

LaFe 5_,Si, in magnetic cooling devices.
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The latest decade has witnessed a spectacular upsurge of
interest in room-temperature magnetic refrigeration. The
boom of research activity and the general expectation of an
approaching technological breakthrough were brought about
by the discovery of several materials with a so-called giant
magnetocaloric effect.' Common to all these materials is
that they undergo a first-order magnetic phase transition
around room temperature. This gives rise to a sharp depen-
dence of the magnetization on temperature near the transition
point, which should also result in a large magnetic entropy
change, if the Maxwell relation, dS/dB=JM/JT, were to be
relied on. The latter cannot be taken for granted, however,
because in the vicinity of a first-order phase transition a basic
assumption of standard thermodynamics—that the system is
continually at thermal equilibrium—usually fails. This fail-
ure manifests itself in slow dynamics and hysteresis, both of
which hinder the use of the new materials in magnetic refrig-
erators, where high operation frequency and low hysteretic
losses are essential.

LaFe5_,Si, occupies a special place among the magnetic
refrigerants of the new generation.*> While enjoying in full
measure the benefits of a first-order phase transition,
LaFe ;_,Si, does not seem to have the disadvantages inherent
therein. The most serious difficulty—hysteresis—is practi-
cally overcome in melt-spun LaFe,;_,Si, ribbons,® which of-
fers the prospects of rapid magnetic cycling without loss of
efficiency. Further strong points of LaFe;;_,Si, are the abun-
dance of its main constituents, iron and silicon, and the pos-
sibility of adjusting the Curie point by varying x and/or by
hydrogenation.®’

A naturally arising question, what brings about this un-
usual combination of features characteristic of first- and
second-order phase transitions that makes LaFe;;_Si, so
uniquely distinct, is addressed in this paper. As a method for
our study we chose density-functional electronic structure
calculations. These were carried out using the full-potential
local-orbital program (FPLO,? version 5.00-19) in its scalar-
relativistic mode. The exchange and correlation potential in
the local spin-density approximation (LSDA) was taken in
the form due to Perdew and Wang.? The valence basis states
included 5spd and 6sp of La, 3spd and 4sp of Fe, as well as
3spd of Si. A reciprocal space mesh containing 72 k points
within the irreducible wedge of the Brillouin zone was used
to perform the self-consistent electronic structure calcula-
tions. For the one-step calculation of the density of states
(DOS) the number of k points was increased to 2769.

LaFe5_,Si, has the NaZn ;-type cubic structure (space
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PACS number(s): 75.30.Sg, 71.20.Be, 75.50.Bb

group 02—Fm3c) with eight formula units per conventional
cell. The La atoms occupy the 8a sites (iﬁ), while Fe and Si
are distributed at random between the 84 sites (000) and the
96i sites (0yz).'? For simplicity we restricted ourselves to a
special case of x=1 and further assumed that the 8b sites are
occupied solely by silicon, while iron is located exclusively
on the 96i sites. The internal positions of the latter were fixed
at y=0.179 and z=0.116, as inferred from the powder neu-
tron diffraction data.'” For the lattice parameter a various
values were taken, ranging from the experimental one,
Aexper=11.5 ‘Zt’ down to the LSDA equilibrium value,
arspa=10.9 A (the latter is where the total energy computed
in the LSDA is a minimum).

Our main effort was concentrated on so-called fixed-spin-
moment (FSM) calculations, in which the numbers of va-
lence electrons in both spin channels are fixed, rather than
determined self-consistently as in the usual spin-polarized
calculations. The FSM method, first proposed and imple-
mented by Schwarz and Mohn over two decades ago,'! is a
standard technique for visualizing the presence of magneti-
cally distinct states in a system.

Figure 1(a) displays four representative E(M) curves cal-
culated at the indicated values of the lattice parameter. Here
M stands for the spin moment—the difference between the
assumed electron occupation numbers in the majority and
minority spin channels, while E is the computed total energy.
The most salient feature of the curves in Fig. 1 is the pres-
ence of several shallow minima at certain stable abscissae,
M=7, 11, 21, and 25up per formula unit. According, as the
lattice parameter increases from 11.1 A to 11.4 A, the global
minimum in the E(M) dependence migrates from ~7 to
25up/f.u. This movement is essentially discontinuous: every
time a new local minimum emerges in a set position, it co-
exists with the old one and eventually assumes the role of
global minimum, while the former global minimum fades
away.

Such FSM curves—with several shallow minima and
maxima—-are characteristic of the entire iron-rich end of the
LaFe5_,Si, series, not just of the x=1 system. This point is
illustrated in Fig. 1(b), where a similar dependence for the
hypothetical end compound LaFe 5 is presented. This also
suggests that the dubious preferential site occupation (as-
sumed merely to avoid computationally tedious structural
disorder) plays no major role here.

The reason why the curvature of the FSM profiles in Fig.
1 changes sign several times can be best explained with the
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FIG. 1. Total energy vs spin magnetic moment, calculated at the
indicated values of the lattice parameter.

help of the Stoner model of itinerant magnetism. In this
model the reciprocal susceptibility, )(;,,1 =E"(M), is given by a
simple formula'?

Xt = 15 (Dy =D, (1)

where /~0.5 eV is the Stoner parameter and D, is the ef-
fective DOS at the Fermi level, defined by

4

Dy=——"-—7.
"D+ Dy

2)
The Stoner theory adopts the rigid-band approximation,
whereby the DOS of a spin-polarized state is obtained from
the nonmagnetic DOS D(E) by simply shifting the latter
along the energy axis. Accordingly, the entering into Eq. (2)
DOS at the Fermi level in the majority and minority sub-
bands are given by DMJ_,=%D(E r.ms), Where the shifted
Fermi levels are determined from an obvious condition,
Epms M
f D(E)dE = + X (3)

Epp

Erq being the Fermi energy of the unpolarized state. The
somewhat heavy use of the subscript M in Egs. (1)—(3) is to
emphasize that the quantities defined therein are functions of
the independent variable M, the spin magnetic moment.
Turning now to LaFe,Si, its nonmagnetic DOS is pre-
sented in Fig. 2. The arrows mark the positions of the shifted
Fermi level in the majority and/or minority subbands, the
numbers corresponding to the labeling of the minima in
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FIG. 2. Non-spin-polarized density of states of LaFe,Si.

Fig. 1. In reality there is a finite interval of allowed M values
around each arrow, wherein y;,>0 and E(M) is curved up-
wards. The exact equilibrium positions within the intervals
depend on the assumed value of the lattice parameter a. The
allowed intervals are interlaid with forbidden ones, wherein
the DOS at the Fermi level in both spin channels is so high
that D,, exceeds I and consequently x,, is negative. Such
forbidden values of M correspond to unstable states. The
instability criterion, IDy,>1, is known as the generalized
Stoner condition.!?

Recapitulating, the Stoner theory links the oscillatory be-
havior of the FSM profiles of LaFe,Si (Fig. 1) to a series of
high peaks and deep valleys in its DOS (Fig. 2). Earlier it
was suggested!? that the magnetic instability in LaFe,;_,Si,
might be akin to that in face-centered-cubic (fcc) iron, where
several magnetically distinct phases had been predicted.'*
This view was supported by an argument that the iron atoms
situated on the 96i sites form icosahedral clusters similar to
the coordination polyhedra in the fcc structure. Examining
the DOS of fcc iron,'® we found no narrow peaks or valleys
that could enable us to draw a parallel between fcc Fe and
LaFe5_Si,. The preferred values of the atomic moments
are also dissimilar: thus, the third minimum in Fig. 1(a)
(~1.75u5/Fe atom) corresponds to a prominent maximum
in the E(M) dependence of fcc iron.'* The two compounds
are still broadly analogous, in the sense that the magnetic
instability in both of them is governed by the generalized
Stoner criterion, /D, > 1.

Our next goal is to find out what the FSM profile of an
ideal magnetic refrigerant should look like. With this end in
view, let us first clarify what determines the relative cooling
power (RCP) of a refrigerant with a single first-order transi-
tion. An intersection point of the temperature dependences of
the free energies of the two phases involved defines the tran-
sition temperature T, Fig. 3(a). The negative slopes of the
two curves are the entropies S ,, the respective magnetiza-
tions being M,,. Assume for definiteness that M,>M,.
Then a magnetic field B will suffice to induce a transition
from phase 1 to phase 2 anywhere within the interval be-
tween T and T+ AT, where AT is determined from an ob-
vious condition, AT(S,-S,)=B(M,—M,). This will be ac-
companied by an entropy change of AS=S,-S5,, see Fig.
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FIG. 3. Magnetic refrigerant undergoing a first-order phase tran-
sition: the free energies of the two phases in the absence of mag-
netic field (a), and the field-induced entropy change (b), plotted
against temperature.

3(b). The hatched area under the curve equals the RCP as
defined by Gschneidner and Pecharsky'® (in real materials
the peak is often trapezoid or caret shaped rather than rect-
angular). So we get

RCP=B(M,-M,). 4)

Thus, for a given magnetic field the RCP of a refrigerant
undergoing a first-order phase transition is determined solely
by the difference of the magnetizations of the two phases.!”
Consequently, this key figure of merit is maximized by
choosing materials whose FSM profiles have two minima
situated as far apart as possible (Fig. 4).
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FIG. 4. Energy-vs-magnetization dependence of a hypothetical
refrigerant undergoing a first-order phase transition. (a) The transi-
tion takes place quasistatically, the energies of the two phases are
equal. (b) The transition 1—2 proceeds nonquasistatically in the
presence of an extra magnetic field AB/2 which favors the higher
spin state and lowers the barrier.
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FIG. 5. Comparison of calculated E(M) curves of LaFe,Si and
bece iron.

Equation (4) gives the relative (i.e., per refrigeration
cycle) cooling power. The actual cooling power (measured in
watts per unit volume) is a product of the RCP and the op-
eration frequency f of the device. The upper bound for the
latter quantity is normally set by the inertia of heat exchange
at ~2 X 107 Hz,'® but it may be limited additionally by slow
dynamics of the first-order phase transition. Overcoming the
energy barrier between the two minima at 7=300 K is a
thermally activated process, whose characteristic time con-
stant is expected to obey the Arrhenius law

T=1 exp(%). (5)

The prefactor in this formula is of the order of a femtosec-
ond, 7p~#h/W~10"'° s, where W~ 1 eV is a characteristic
bandwidth. For successful operation of a refrigerator it is
necessary that 7f< 1.1

When this condition is not fulfilled (i.e., in a nonquasis-
tatic regime) the refrigerant may still undergo periodic first-
order transitions accordingly as the magnetic field is cycled.
However, there will be a difference (hysteresis) between the
threshold fields of the transitions in the two directions. Con-
sider, e.g., the transition 1 —2 on rising the applied field. In
quasistatic conditions it would occur at a certain critical field
By, such that the energies of both phases are equal, as shown
in Fig. 4(a). In a nonquasistatic regime, the transition takes
place at a higher field, By+AB/2. The role of the extra field
AB/2 is to lower the barrier in the direction of the transition
[i.e., from left to right in Fig. 4(b)] so that it can be overcome
within the time small as compared with 1/f. The energy
difference between the final and the initial states,
(M,—M)AB/2, will be dissipated as heat. Similarly, the in-
verse transition 2— 1 will take place at By—AB/2 on falling
field and will be accompanied by dissipation of the same
energy. The total amount of heat released in one cycle equals
the area of the hysteresis loop, (M,—M,)AB. This amount
should be deducted from the RCP, Eq. (4). Obviously, the
broader the hysteresis, the less efficient is the operation of
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the refrigerator. The cooling effect will be brought to nothing
when the width of the hysteresis loop AB becomes as large
as the maximum available field B. In reality, due to inevi-
table losses in the system, the cooling will cease at AB
slightly less than B.

It is clear from the above discussion that the shape of the
FSM profile plays an important role in the performance of
magnetocaloric materials. Thus, a perfect refrigerant should
have two minima far apart from each other separated by a
possibly low barrier. Ideally, the profile between the minima
should be flat, which is conceivable, if DM=const=I‘1. As
far as real solids are concerned, their DOS are generally
known to be rapidly varying functions. Under the circum-
stances, the best behavior one could reasonably expect of the
effective DOS is that for M; <M <M,, D;; oscillates possi-
bly close to I™!, so that the curvature of the FSM profile XX;
oscillates about zero.

LaFe,,Si does seem to fit this description. From compari-
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son with body-centered-cubic (bce) iron, Fig. 5, one can ap-
preciate that LaFe;,Si has indeed a flat-bottomed FSM pro-
file. Perhaps, as flat-bottomed as one may hope to find in a
solid.

Summarizing, our density-functional calculations demon-
strate that the first-order magnetic transition in LaFe5_Si, is
in fact a series of three consecutive first-order transitions.
The reason is that the energy-vs-magnetization dependence
of LaFe ;_,Si, has an extensive flat bottom part, with several
shallow minima and maxima. This fact is of substantial ben-
efit to the magnetocaloric properties of this promising mate-
rial, because lower energy barriers between the various spin
states mean faster magnetization and/or demagnetization
with less hysteresis.
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