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Direct evidence of a field-induced magnetic phase transition in LaFe;5_,Si, intermetallics with a
large magneticaloric effect was provided by S"Fe Mossbauer spectra in externally applied magnetic
fields. Moreover, Mossbauer spectra demonstrate that a magnetic structure collinear to the applied
field is abruptly achieved in LaFe,, ;Si; 5 compound once the ferromagnetic state appears, showing
a metamagnetic first-order phase transition. In the case of LaFe; (Si,, the Fe magnetic moments
rotate continuously from a random state to the collinear state with increasing applied field, showing
that a second-order phase transition is predominant. The different types of phase transformation
determine the magnetocaloric effects in response to temperature and field in these two samples. ©
2004 American Institute of Physics. [DOI: 10.1063/1.1789235]

The discovery of a giant or large magnetocaloric effect
in GdSSizGez,1 MnFePl_XAsX,2 and La(Fe;_,Siy) 3 intermetal-
lic compound376 gives rise to interest in searching for mate-
rials with a first-order magnetic phase transition for use as
magnetic refrigerants. Previous studies indicated that the val-
ues of magnetic efitropy change, AS(T), and adiabatic tem-
perature change, AT,,, for the samples with lower Si content
were not only larger than those for the samples with higher
Si content, but their peaks broadened asymmetrically to high
tempe:rature:s.3’5’6 For LaFe;;5Si;3 and LaFe;(Si,,, the
maximum values of magnetic entropy change are
26.0 J/kg K around T,=185 K and 6.0 J/kg K around T,
=235 K, respectively. Although it was already known from
macroscopic magnetization measurements that the large val-
ues of magnetic entropy change in LaFe;_,Siy com3pounds
are associated with the first-order phase transition, 47 the
detailed phase evaluation and magnetic moment rotation in
external magnetic field during the phase transition are not yet
well understood. In order to elucidate the mechanism of the
broadening of AS(T) and AT,; peaks asymmetrically to
higher temperatures, Mossbauer spectra were collected
above T, in various applied fields. In-field Mdossbauer spec-
troscopy can give insight into understanding the connection
between field-induced magnetic phase transition and mag-
netic entropy change above T. from a microscopic point of
view.®

In this letter, Mossbauer spectra in externally applied
fields provide direct evidence of a field-induced magnetic
phase transition in LaFe;5_,Si, intermetallics. LaFe;-Si; 3
and LaFe;; (Si,, compounds have the cubic NaZn;-type
structure (Space group F,zc) with lattice constants a
=11.4865 A and 11.4727 A, respectively. In hypothetical
compound LaFe,3, Fe atoms occupy two nonequivalent sites,
8b site for Fe; and 961 site for Fe. La and Fe atoms form a
CsCl structure. Fey atoms are surrounded by an icosahedron
of twelve Fej atoms and Fej atoms are surrounded by nine
Fe;; atoms and one Fe; atom. Based on the structure, the
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spectra of ferromagnetic phase should be fitted with two sex-
tets associated with the Fe; and Fey; sites with intensity ratio
of about 1:11. For LaFe;; ;Si; 5 at 180 K, the values of SFe
hyperfine fields, center shifts, and quadrupole shifts are
280+4 kOe, 0.02+0.02 mm/s and 0.01+0.02 mm/s for the
Fe; site and 254+4 kOe, 0.05+0.02 mm/s, and
0.00+0.02 mm/s for the Fey site, respectively. However, due
to the very intense absorption peak originated from the Fey
atom, i.e., more than 10 times stronger than that from the Fe;
site, and a relatively small difference in hyperfine parameters
between these two sites, the absorption peak is indistinguish-
able in the Mossbauer spectra. Since the present report fo-
cused on the magnetic-field-induced phase transition above
Te, rather than the hyperfine interactions at these two non
equivalent sites, we fit the ferromagnetic phase with one sex-
tet and the paramagnetic phase with a doublet by using av-
erage hyperfine parameters to avoid extreme complication.
Two samples with compositions of LaFe;;,Si;; and
LaFe,; oSi,, were prepared by arc melting. The samples
were re-melted at least six times to ensure homogeneity. The
heat treatment was performed in an evacuated quartz tube at
1320 K for 45 days, and then quenched into liquid nitrogen.
A single phase with the cubic NaZnj-type structure was
identified by x-ray diffraction patterns. Magnetization mea-
surements were carried out with a superconducting quantum
interference device magnetometer. >’Fe Mossbauer spectra
were recorded by a constant acceleration Mossbauer spec-
trometer with a 7Co(Pd) source at different temperatures and
applied fields. The magnetic field up to 80 kOe parallel to
y-ray direction is provided by an Oxford Spectromag
SM4000-9 superconducting split pair, horizontal field mag-
net system. The values of velocities and central shifts were
calibrated using as a-Fe foil at room temperature.
Magnetization curves show that large magnetizations are
obtained above the magnetic transition. For example, Fig. 1
illustrates the magnetization curves of LaFe;;;Si;; and
LaFe;, oSi, , measured above T, at 190 and 240 K, respec-
tively. The magnetization curve of LaFe,; ;Si; 3 exhibits a
very rapid increase of magnetization, M, over a narrow re-
gion of applied field, H, implying the occurrence of a spin-
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FIG. 1. Magnetization curves (open symbols) of LaFe;;,Si;3 and
LaFe;; oSi, o at 190 and 240 K compared with Mossbauer data (closed sym-
bols) at the same temperature.

flip process, i.e., a metamagnetic phase transition. In the
magnetization process in LaFe | Si, (, it seems that the spins
rotate toward the direction of the applied field and the
magnetization curve fails to saturate even in an applied
field of 50 kOe. Due to the step in the magnetization curve
of LaFe;;;Si;3, a large magnetocaloric response was

obtained.>

In order to demonstrate that the large increase in magne-
tization evident in Fig. 1 is associated with the magnetic
transformation, Mossbauer spectra in various applied fields
were measured for LaFe,; ;Si; 3 at 190 K [Fig. 2(a)] and for
LaFe;; oSi, at 240 K [Fig. 2(b)], respectively. Zero-field
Mossbauer spectra collected above T, show a paramagnetic
doublet owing to the quadrupole splitting. With increasing
external field up to 10 kOe, no evidence of a magnetically
split sextet is detected in the spectrum of LaFe;;;Si; 3, but
the presence of a sextet is evident in spectrum of
LaFe;; ¢Si, . With further increasing external field larger
than 20 kOe, sharp well-split pairs of sextets are observed,
and their areas increase rapidly at the expense of the dou-
blets. In order to investigate the effective fields required to
trigger the ferromagnetic phase, the effect of demagnetizing
fields should be considered, where the effective field H.y
=Hexi—Hdemag- By using magnetization data in Fig. 1 the
demagnetizing fields in the direction perpendicular to the
sample plane are estimated to be 47M(H). Owing to the
larger values of M for LaFe;;;Si;; than those of
LaFe;; ¢Si,, a larger applied field is required to compensate
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FIG. 2. Mossbauer spectra of LaFe,; ;Si; 5 at 190 K (a) and LaFe,; ,Si, (b)
at 240 K in various external magnetic fields. The dotted lines are paramag-
netic subspectra.
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FIG. 3. Concentration of ferromagnetic component in LaFe;, ;Si, ; (closed
circles) and LaFe,; oSi, o (closed squares) as a function of effective field.

for the demagnetizing field. By taking the demagnetizing
field into account, the concentration of the ferromagnetic
phase as a function of effective field was illustrated in Fig. 3.
It can be seen from Fig. 3 that at effective field of about
7 kOe, the fraction of ferromagnetic component is about
80% and 70% in samples of LaFe,;,Si; 3 and LaFe,; (Si,,
respectively, implying that the ferromagnetic component is
easily triggered by magnetic field in the sample of
LaFe,; ;Si; 3 compound. Comparing with Gd58114,9 a low
field causes a rapid increase in the fraction of ferromagnetic
component and the magnetically inhomogeneous two phases
coexist over a narrow range of fields from 5 to 50 kOe.

In magnetically split spectra, the relative intensity of the
second and fifth lines I,s (corresponding to the Am=0
nuclear transitions) is given by l,5=4 sin? 6/(1+cos*6),
where 6 is the angle between the magnetic moment and the
external magnetic field H,,, (applied parallel to the y beam
direction). The spin arrangement can therefore be investi-
gated by means of Mdssbauer spectroscopy. A random Fe
spin arrangement corresponds to the value of |, 5=2. In the
case when all magnetic moments are collinear to H., (i.e.,
for complete saturation) |, s=0. The disappearance of the
2-5 lines for LaFe; ;Si; 5 is obvious in Fig. 2(a) when the
applied field H.,>?20 kOe, while they are clearly present in
smaller fields for LaFe; (Si, in Fig. 2(b). Figure 4(a) illus-
trates the intensity of the second and fifth peaks for the sextet
as a function of applied field. The values of average
({cos? 0))"2, denoted as {cos 6) calculated from the relative
line intensities |, 5 are plotted in Fig. 4(b). It describes the
rotation of the magnetic moments: cos 6 is the unit normal
projection of the Fe magnetic moments in the direction of the
applied field if the spatial distribution function of Fe spin
directions is single peaked and reasonably narrow. For
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FIG. 4. Relative intensities of the 2-5 lines |, 5 (a) and the calculated aver-
age cos 6 for LaFe, ;Si, 5 (closed circles) and LaFe,; ;Si, (closed squares)
as a function of effective field.
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FIG. 5. Observed hyperfine field (a), induced hyperfine fields and average
Fe magnetic moments (b) for LaFe,; ;Si, 5 (closed circles) and LaFe,; (Si, o
(closed squares) as a function of effective field. The dotted lines are extrapo-
lated as expected in ferromagnetic state.

LaFe;; ;Si; 3, once the applied field triggers the phase transi-
tion from the paramagnetic state to the ferromagnetic one, all
magnetic moments of ferromagnetic component undergo a
spin-flip process and align completely to the direction of
applied field. On the other hand, for LaFe, (Si, , the applied
field drives the magnetic moment rotation continuously ap-
proaching the direction of applied field. When the applied
field increases up to 80 kOe, all magnetic moments are com-
pletely orientated along the direction of the applied field.

To investigate the magnitude of Fe magnetic moment,
the average >'Fe hyperfine fields of ferromagnetic compo-
nents in LaFe;; ;Si; 3 and LaFe;; (Si, o as a function of effec-
tive field are plotted in Fig. 5(a). From Fig. 5(a), one can find
two different behaviors of field dependence of °’Fe hyperfine
field. For the LaFe,, ;Si, ; sample, the average °>'Fe hyperfine
fields decrease linearly with increasing magnetic field, which
is consistent with that in a ferromagnetic ordered state. In
contrast to LaFe;;;Si,3, the >'Fe hyperfine fields of
LaFe;; ¢Si, increase in low fields, get a maximum value at
the applied field of 40 kOe, and then decrease monotonically
with further increasing applied field. If we plotted hyperfine
field versus applied field linearly with the same slope as that
of LaFe, ;Si; ; and extrapolated back to zero applied field, a
value of 160 kOe was derived, which is very close to that of
the average hyperfine field at a temperature just below T,. In
low fields the experimental data are smaller than the extrapo-
lated data as expected in the ferromagnetic ordered state and
is the result of a noncollinear magnetic structure.

It is well known that the 3'Fe hyperfine field, Hyp, is
orientated antiparallel to the magnetic moment, up., i.e., to
the applied field with a formula Hyp=A, g, where A
=145kOe/ up is the hyperfine coupling constant. O Therefore,
the absolute value of the average effective hyperfine field at
the >’Fe nucleus is given approximately by

<HHF> = <HHF(Hext = 0) - Hext + Hdemag = A<lu’Fe> - Heff’
(1)

where the demagnetizing field Hy.,,=47M(H) for the Moss-
bauer samples.

In the case of a highly ordered state, the magnetization is
nearly saturated and the average magnetic moments do not
increase significantly, therefore, the hyperfine fields decrease
linearly with external magnetic field. On the other hand, if
the magnetic moments are noncollinear to the applied field,
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the rotation of magnetic moments results in an increase in
average magnetic moment as shown in Fig. 5(b). Therefore,
the hyperfine fields increase in low applied fields. With fur-
ther increasing external field, the average magnetic moments
approach to saturation, and the hyperfine fields thus decrease
linearly with applied field.

On the basis of Eq. (1), the induced hyperfine field, de-
fined as Hyp(H.=0) and the average magnetic moments of
Fe atom (up.) were obtained and illustrated in Fig. 5(b).
Using these values and taking the concentration of the ferro-
magnetic component into account, the total magnetization in
different fields can be obtained by Mossbauer experiments
according to the relation of M(H)=nP(H){ug.), where n is
the Fe atomic number per unit formula, P is the fraction of
ferromagnetic phase as illustrated in Fig. 3. The deduced
values from Mossbauer results are in good agreement with
magnetization measurement (Fig. 1). The field-induced mag-
netic moment of Fe was clearly observed in the ferromag-
netic component of LaFe;; (Si,,, which suggests that the
field results in magnetic moment rotation from the paramag-
netic state (random) to the nonlinear ferromagnetic state, and
then to the saturation ferromagnetic state(collinear). These
results are consistent with that obtained from the intensities
of the second and fifth lines of the sextets.

In summary, applied field Mossbauer spectra indicate
that there are two types of field-induced magnetic phase tran-
sition in LaFe;;;Si;3 and LaFe;;(Si,,, respectively
LaFe;, ;Si; 5 exhibits a metamagnetic phase transition above
T.. Once the ferromagnetic component appears, the spins flip
to the direction of the applied field, and consequently result
in a very rapid increase in magnetization over a narrow range
of applied field. The metamagnetic anomaly smears out and a
second-order phase transition occurs in LaFe; oSi, . With
increasing applied field, the magnetic moments approach
continuously to the direction of applied field. The different
types of phase transformation in these two samples deter-
mine the different magnetocaloric effects in response to tem-
perature and applied field.
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