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Very large magnetic entropy change ASy;, which originates from a fully reversible second-order transition at Curie

temperature T¢, has been discovered in compounds La(Fe, Si)13, La(Fe, Al)13 and those with Co doping. The maximum

change ASy ~ 19 J-kg_1~K_1, achieved in LaFej1.4Si1.6 at 209K upon a 5T magnetic field change, exceeds that of
Gd by more than a factor of 2. The T¢ of the Co-doped compounds shifts to higher temperatures. ASys still has a

considerable large magnitude near room temperature. The phenomena of very large ASy, convenience of adjustment of
Tc, and also the superiority of low cost, strongly suggest that the compounds La(Fe, M )13 (M=Si, Al) with Co doping

are suitable candidates for magnetic refrigerants at high temperatures.
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Magnetic refrigerators provide an alternative
method for cooling and gas liquefaction in cases
where conventional thermomechanical cooling tech-
niques do not satisfy the increasing practical re-
quirements of capacity, mass, and ecological clean-
The study of magnetocaloric effect (MCE)
in various magnetic materials is gaining worldwide

liness.

attention.' 9] Recently, the interest in the research of
MCE at high temperatures is considerably enhanced.
Some interesting materials, such as superparamag-
netic materials,*~6 polycrystalline perovskite man-
ganese oxides!”®10 etc., were found to show large
MCE at high temperatures under appropriate fields.
A more exciting discovery was the giant MCE in
Gd5(SiIGel,m)4,[1’n] which makes the magnetic re-
frigerant technique potentially viable in a wide tem-
perature range. However, the preparation of GdSiGe
materials requires Gd with extremely high purity,?!
and this prevents them to become commercial mag-
netic refrigerants. Therefore, the search for other ma-
terials, especially those of low cost and exhibiting large
magnetic entropy change at high temperatures, is of
great interest and urgency.

Rare earth intermetallic compounds are promis-
ing materials for magnetic refrigeration at differ-
ent temperatures. However, most intermetallic com-

pounds, which will be in a magnetic order at high
temperatures, show significantly lower MCE than
Gd. For a long time Gd has been considered
to be the most suitable magnetic refrigerant used
near room temperature, the reported |AS| value of
which was ~13.7J-kg=!-K~! under a magnetic field
of 8T at T¢(~293K).["3] Up to date there have
been few reports of magnetic entropy change |AS|
in the rare earth intermetallic compounds which
exceeds that of Gd.
properties of the NaZnjs-type rare earth transition

In a study of magnetic

metal intermetallic compounds, we discovered a very
large magnetic entropy change in La(Fe, M)3 (M
= Si, Al) with Co doping.

The highest content of 3d metal in any known rare
earth intermetallic compounds and their cubic sym-
metry structure make the NaZnjs-type intermetal-
lic compounds show high magnetization and excel-
lent soft ferromagnetic properties. Among the com-
pounds with NaZn;s-type stucture, LaFe;3 or LaNij3
does not exist due to the positive heat of forma-
tion for La and Fe or Ni, but a small addition of
Si or Al can stabilize the compounds, resulting in
the cubic NaZn;s type pseudobinary La(T)_,M,)13
compounds, where T=Fe, Ni and M=Si, AL The
compounds La(Fe;_,Si;)13, £=1.4-2.4, have a cu-
bic NaZns-type structure and show isotropic Heisen-
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r.[15:16] At low concentra-

berg ferromagnetic behavio
tion of Si, they have high magnetic moment and the
magnetization shows a sharp change at the Curie
temperature.'% La(Fe,Al; ,);3 compounds exist for
£=0.46-0.92, and for = from 0.88 to 0.92 they show
weak antiferromagnetic coupling.'”l A small amount
of Co addition can make its antiferromagnetic cou-
pling collapse fully, resulting in a perfect ferromag-
With Co

doping the T¢ of the two compounds shifts to higher

netic state with high magnetic moment.
temperatures. We discovered a very large mag-
netic entropy change in compounds La(Fe, Si)is,
La(Fe, Al);3 and those with Co doping in a wide
range of high temperatures. This letter reports the
typical results obtained in compounds LaFej; 4Si; g,
LaFe;9.938C0g.22Si1 g, and LaFei; 12Cog.71Aly 17, with
Tc at 209K, 242K, and 279K, respectively.

The ingots of the samples studied were prepared
by repeatedly arc-melting the appropriate amount of
the starting materials with purity of 99.9% and sub-
sequent homogenization by annealing at 1273K for
50 days. X-ray powder diffraction (XRD) confirmed
that all samples crystallized in a nearly single phase of
the cubic NaZn3 type structure, except that a small
amount of impurity is a-Fe.
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Fig.1. Temperature dependence of magnetization

upon heating and cooling under 0.01T.

All magnetic measurements were performed using
a Quantum Design SQUID magnetometer (MPMS-
5S). Figure 1 shows the temperature dependence of
magnetization upon heating and cooling under a field
of 0.01T, showing sharp changes at Tc. The samples
were cooled under zero field to 5K first. No temper-
ature hysteresis is shown between the transitions on

heating and cooling for any sample, indicating that the
transition is of second-order in nature. The T¢’s are
found to be 209K, 242K, and 279K for LaFe;; 4Si; ¢,
LaFe;.93C00.225i1.5, and LaFe;; 12Co0.71Al1 17, re-
spectively. We also performed the magnetic hysteresis
loop measurements at low temperature (5K) in or-
der to examine the magnetic hardness. The fact of
non-hysteretic M (H) curve and very low saturation
magnetic field suggests that these materials are mag-
netically very soft.

We measured the magnetization isotherms of
sample LaFe;; 4Si; ¢ under increasing and decreasing
field in a wide temperature range. In the vicinity of
the Curie temperature from 200 to 230K the temper-
ature step of 2K is chosen, and for the far away re-
gions 165-200K and 230-265K a step of 5K is chosen.
With increasing temperature the usual nonlinearity of
the M-H plots at low fields, typical for a ferromag-
net, slowly diminishes, and above T¢ all of them ex-
hibit linear behavior. The existence of a very little
nonlinearity above T¢ at low field is due to the small
amount of impurity of a-Fe. Every M-H plot shows
a completely reversible behavior during the field in-
crease and decrease, this is characteristic of a soft fer-
romagnet. One knows that a complete reversibility of
the MCE requires that no hysteresis of both the tem-
perature and magnetic field appear in the vicinity of a
magnetic-ordering temperature. This is easily achiev-
able for a soft ferromagnetic material. The samples of
the present study are just the case.

From thermodynamical theory, the magnetic en-
tropy change AS(T, H) is given by the Maxwell

relation,[1:8:18]

AS(T, H) = S(T, H) — S(T,0) = /H (%—J\I/{)HdH.

The calculated AS during field increase is equal
to that during field decrease. Figure 2 shows the |AS]
curves of LaFej1 4Si1 ¢ under different fields of 2 and
5T. The peak values of 10.5, 14.3, and 19.3J-kg—!-K—!
are obtained under fields of 1T, 2T, and 5T, respec-
tively. For comparison, we also measured the mag-
netic entropy change of Gd (Fig.2), and obtained
|AS] ~2.9, 5.0, and 9.7Jkg 1-K~! at T under the
same fields; the measured values agree with those
of early reports.['13:18] The maximum |AS| value of
LaFeq1.4Si; ¢ exceeds that of Gd by more than a factor
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of 2. The value under a field of 1T is of the same mag-
nitude as that of Gd under 5T, comparing the peak
values, without consideration of the temperature dif-
ference. The reported giant magnetic entropy change
in Gd;Ge,Sis!! is of approximately the same order of
magnitude as observed in LaFey; 4Si; 6. However, due
to the nature of first order transition in GdsGesSis,
a little thermal hysteresis still appears between the
transitions on warming and cooling. Using Maxwell
relation to calculate AS can accurately screen the in-
trinsic nature of the magnetic refrigerant materials, es-
pecially for the materials with second-order transition.
This indirect method of measuring MCE has long been
suggested rightfully according to Landau theory, and
successfully verified as a reliable way to evaluate can-
didate materials for magnetic refrigeration.!'8!
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Fig.2. |AS| vs T curves of LaFei1.4Si1.6 and Gd un-
der fields of 2 and 5T.

Figure 3 shows the obtained |AS]| of other two
samples, the magnitude of which is lower than that
given above but still larger than or comparable to
that of Gd. The obtained values of AS are 6.3 and
4.6 J-kg 1-K~! under fields of 2T, and 11.5 and 9.1
J kg '-K~! under 5T at T¢ for LaFe;q.95Co0q.22S5i1 s,
and LaFej; 15Coq.71Aly 17, respectively. It is obvious
that the T¢ of Co-doped samples is obtained at higher
temperatures.
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Fig.3. |AS| vs T curves of LaFe19.98Co0¢.22Si1.g and
LaFei1.12Cog.71 Aly .17 under fields of 2 and 5T.

The origin of the large magnetic entropy change
in compounds La(Fe, M),3 (M=Si, Al) with Co dop-
ing should be ascribed to their high magnetic moment
and the rapid change of magnetization at T¢. As was
explained in Ref.[16], the extremely sharp transition
at T, especially in the sample of LaFeq; 4Si; ¢, is just
the same as that of ideal ferromagnets. The bulk mag-
netization of these compounds originates from Fe and
Co atoms and thus the high content of Fe is the ori-
gin of the high magnetization. In their NaZn;s-type
structure, the two different Zn sites are occupied by
Fe in a ratio of 1:12, and each Fe! atom is surrounded
by an icosahedron of Fe? atoms. While Si or Al atoms
are substituted for Fe? atoms. In the past, MCE in 4f
alloys was studied much more extensively than that
in 3d alloys simply because 4f metals and their al-
loys have high angular momentum quantum number
J.19 In 3d alloys, due to the variation of local envi-
ronment of 3d atoms, there exists a distribution of ex-
change fields. Their relative high moment and strong
exchange interaction suggest that 3d alloys are also
ideal materials showing large MCE, as evidenced now
by our experiments. Usually, in 3d alloys a stronger
exchange interaction is shown and thus their magneti-
zation at T changes more rapidly compared with that
in 4f alloys. Generally, 4f atoms have a higher moment,
than 3d atoms but show weak RKKY exchange inter-
action.

In summary, we have discovered a very large en-
tropy change in compounds La(Fe, M);3 (M=Si, Al)
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with Co doping in a wide temperature range at high
temperatures. This discovery is expected to make ac-
tive magnetic regenerator (AMR) and magnetic re-
frigeration (MR) become a viable technology. To our
knowledge, so large a magnetic entropy change involv-
ing second-order transition at high temperatures is
reported for the first time. The excellent soft mag-
netic properties of our materials would be much ben-
eficial to the magnetic cooling efficiency. The contin-
uous variation of T with the increase of Co content
makes it easy to get a constant AS at a wide tempera-

ture span. More exciting and important superiority is
that our compounds are easier to fabricate and much
cheaper as compared with the previously reported ma-
terials, such as FeRh, Gd, and GdSiGe etc. In La(Fe,
M)13 (M=Si, Al) with Co doping the main content
is the richest metal of Fe. In short, the advantages of
large magnetic entropy change, easy preparation, low
cost and the convenience in controlling transition tem-
perature strongly suggest that the compounds La(Fe,
M)13 (M=Si, Al) with Co doping are suitable candi-
dates for AMR and MR.
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