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This study investigated the effects of interstitial carbon doping on the microstructural and magnetocaloric properties of
off-stoichiometric La; yFe; ¢Si; 4Cx (x =0, 0.25, 0.5, 0.75, 1) alloys. The alloys were prepared by melt-spinning following
vacuum arc-melting. For the as-prepared and annealed samples, the carbon existed in the LayFe;SioC and NaZnj3-type
La(Fe, Si);3 (denoted by 1:13) phases, respectively. During the annealing process, the C atoms inhibited the diffusion
reaction and depressed the generation of 1:13 phase, reducing mass fraction of the 1:13 phase in annealed La; pFe;; ¢Sij 4Cy
compounds. The introduction of carbon resulted in lattice expansion and increased the Curie temperature (7¢) from 192 K
to 273 K with x = 0.5. The first-order magnetic transition was gradually transformed into the second-order magnetic
transition with increasing carbon content, which induced the significant reduction of thermal and magnetic hysteresis, as
well as the maximum magnetic entropy change and adiabatic temperature change vary from 18.92 J/(kg-K) to 4.60 J/(kg-K)
and from 4.9 K to 2.2 K under an applied field change of 0-2 T. The results demonstrate that interstitial carbon doping is
an effective strategy to improve the magnetocaloric performance of La(Fe,Si);3 alloys.

Keywords: interstitial C addition, off-stoichiometric La(Fe,Si);3 alloy, magnetocaloric effect; magnetic tran-

sition
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1. Introduction

Magnetic refrigeration (MR) based on magnetocaloric ef-
fect (MCE) is an alternative technology to conventional gas
compression refrigeration, due to its advantages of environ-
mental friendliness and high efficiency.!!3] MCE refers to a
reversable process that, when the external applied magnetic
field changes the temperature of magnetic materials varies, un-
der the adiabatic condition.*! The development of near room-
temperature MR started in 1976 by Brown,®! he utilized rare
earth metal Gd (with the Curie temperature, Tc, of 293 K)
to build the first room-temperature magnetic refrigerator pro-
totype successfully, under an applied magnetic field range
of 0-7 T, the maximum magnetic entropy change (|ASy™|)
of 13.2 J/(kg-K) was observed. However, owing to the low
MCE and high cost of Gd, the giant MCE (GMCE) materials,
such as Gds(Sij_,Gey)s,[® MnAs-based compounds,m Ni—
Mn-based Heusler alloys,[g] and La(Fe,Si)3 series alloys,[9]
were successively discovered.

In the most recent refrigerator prototypes, La(Fe,Si);3
with an fcc NaZnjs-type structure (1:13 phase, Fm3c space
group), as one of the most used refrigerant for room temper-
ature range, attracted more attention with merits of low cost,
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abundant raw materials, adjustable 7c, and large magnetic en-
tropy change (|[ASy|).[">!% The LaFe3_,Si, (1.0< x <1.6)
compounds exhibit the GMCE, which results from their first-
order magnetic transition (FOMT) accompanied by itinerant
electron metamagnetic transition (IEMT).3] The main obsta-
cles in the practical applications of this kind of material in-
clude the low T, large thermal and magnetic hysteresis and
long annealing time to obtain the 1:13 phase.!!!! To raise the
Tc, several achievements have been attained through changing
the Fe/Si mass ratio, replacing Fe by Co and doping with in-
terstitial atoms (C, H, B, N).[2! For instance, in LaFe;3_,Si,
(x=1, 1.2, 1.43, 1.6, 1.8) alloy ribbons,!'?! their T¢ rises with
increasing x, but the |ASy™| decreases dramatically, which is
ascribed to the loss of IEMT; moreover, the T¢ only reaches
231 K for relatively high contents of Si (x = 1.8), indicat-
ing there is a limitation to increase the 7¢ using this method.
Chen!"3 e al. reported that the Tc of LaFe;; ¢_Co,Sija
shifted from 207 K to 285 K by substituting Co for Fe from
x= 0.1 to x = 0.08, while the |ASv| and hysteresis were re-
duced as a result of the change from FOMT occurring in the
material to the second-order magnetic transition (SOMT).
Introduction of interstitial atoms can extend the distance
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of Fe-Fe coupling and then weakens the overlap of the Fe-
3d wave functions, which leads to the enhancement of Fe—Fe

(4151 ngry-

exchange interaction and increasement of the T¢.
sion of hydrogen at 24d interstitial sites in 1:13 phase is the
only way that can adjust the 7¢ to near room temperature with-
out sacrificing the MCE (maintaining the FOMT).[?! Further-
more, the thermal and magnetic hysteresis of hydrogenated
La(Fe,Si);3 decreases remarkably. The main shortcoming of
these hydrides is instability, which will deteriorate MCE.!1617]
Previous studies have shown that B atoms can dissolve in o-
Fe, partially react with Fe to form Fe,B, and typically occupy
24d interstitial sites or 96i Fe/Si substitutional sites in 1:13

15181 Therefore, the improvement of magnetocaloric

phase.|
performance through B doping is limited, although the |ASy]
of LajsFeq1.6S11.4Bo.75 is larger than that of Laj 2Feq; ¢Sij 4,
the increment of T¢ is only 7 K. The interstitial C was ex-
pected to be an alternative to H, and with increasing C con-
tent, the T¢ of LaFe;; ¢Si; 4C, (x = 0-0.6) rises from 195 K
to 250 K, however the transition of FOMT to SOMT was ob-
served, which results in noticeable reduction of their MCE. [20]

To shorten the annealing time for obtaining the 1:13
phase, the most commonly approach is producing the alloys by
melt-spinning technology (with high cooling rate), because the
refined crystalline microstructure is beneficial to the atomic
diffusion.*! Moreover, the high cooling rate contributes to
the depression of thermal and magnetic hysteresis.!??! The
composition also affects the annealing process, e.g., the ex-
istence of excessive La in off-stoichiometric Laj;Feq1.6Si.4
(x = 0-1.2) alloys can modify the microscopic morphology of
the as-spun ribbons and accelerate the formation rate of 1:13
phase.[?3

In the researches about introducing interstitial C into stoi-
chiometric La(Fe,Si)13 compounds, when the content of C ex-
ceeds x = 0.6 in LaFe;; 6Si; 4C, 2% and LaFe;; 5Si; 5Cy, 242
the addition of C is unfavorable for the formation of 1:13
phase and the amount of residual a-Fe increases. To explore
whether the modified microstructure in off-stoichiometric
La;;,Fej; 6Sij 4 alloys can promote the concentration of in-
terstitial C and the 7¢ any further, this study prepared a series
of LajrFeq16Si1.4C, (x =0, 0.25, 0.5, 0.75, 1) compounds
with different C contents through melt-spinning method, and
investigated the influence of doping C on their microstructural,
magnetic and magnetocaloric properties.

2. Experimental details

The ingots with nominal composition of Laj sFeq1,6Si; 4C,
(x =0, 0.25, 0.5, 0.75, 1) were prepared by vacuum arc-
melting in high purity argon atmosphere. The purity of the
metals used is 99.9 wt% for La, 99.95 wt% for Fe, 99.99 wt%
for Si, and 99.9 wt% for pre-alloyed Fe—C (the mass ratio of
Fe/C is 95/5). In order to ensure the composition uniformity

of the alloy, the ingots were turned over and remelted for five
times. The pieces of ingot were put into a quartz tube with a
nozzle, and the ribbons were fabricated by melt-spinning with
a rolling copper wheel (the surface linear velocity of 20 m/s)
under protection of high purity argon atmosphere. Then the
ribbons were encapsulated in a vacuum quartz tube and an-
nealed at 1323 K for 2 h, followed by furnace cooling down to
room-temperature. Part of the as-spun and annealed ribbons
were grinded into powder for characterization.

The x-ray diffractometer (XRD, Rigaku Ultima IV) with
Cu K, radiation (A = 0.154178 nm) in the 20 range of 20°—
90° was used to examine the phase structure of the samples.
The Rietveld refinement of the XRD pattern was applied using
an FULLPROF software for quantitative phase analysis and
observing lattice parameters.'?®! Microstructure was detected
by scanning electron microscopy (SEM, JEOL JEM-6480)
equipped with the energy dispersive spectrometer (EDS). The
room temperature magnetic hysteresis loops were detected by
a vibrating sample magnetometer (VSM, Microsense EZ7).
Magnetic property measurement system (MPMS, Quantum
Design MPMS 3) with the SQUID (superconducting quantum
interference device) magnetometer was utilized to measure the
following magnetic properties. The temperature dependence
of magnetization (M-T) curves were detected during zero-
field-cooled (ZFC) heating and field-cooled (FC) cooling pro-
cesses under an applied field of 0.02 T. The isothermal magne-
tization (M—H) curves were collected under the magnetic field
changing from 0 T to 2 T at different selected temperatures,
and the temperature interval was chosen as 2 K in vicinity of
Tc and 5 K away from Tc, respectively. Under the condition
of zero magnetic field, the specific heat capacity was tested by
differential scanning calorimetry (DSC, Netzsch DSC 204 F1)
with sapphire as the reference material, and the heating rate
was retained at 10 K/min.

3. Results and discussion

Figure 1 shows the XRD patterns of Laj»Feq;6Sij4Cy
(x =0, 0.25, 0.5 0.75, 1) alloys before and after anneal-
ing. As displayed in Fig. 1(a), the main phase of as-prepared
La; oFe;6Si14C; alloys is a-Fe (Im3m space group), and
the secondary phase in samples with and without C addi-
tion are identified to be LaFeSi (P4/nmm space group), and

LayFe,SiyC (C2/m space group),?”!

respectively. From lo-
cal magnification of the XRD patterns in Fig. 1(c), it can be
seen the main peak of o-Fe phase is not shifted after adding
C, indicating the C atoms preferred to enter the lattice of
LaFeSi rather than dissolved in a-Fe, and finally formed the
LayFe;Si,C compound. This phenomenon is probably at-
tributed to the stronger chemical bonding of La—C atomic pair
than that of Fe—-C atomic pair.!?®?°! Similarly, in the unan-

nealed LaFe;; 5Si; 5C; (x =0, 0.1, 0.2, 0.3) alloys, C atoms
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exist in interstitial sites of La(Fe, Si);3 phase other than in -
Fe phase.[2>-28]

In present work, the annealed La; Fe;; 6Si; 4C, (x =0,
0.25, 0.5 0.75, 1) alloys contain the main phase NaZn;3-type
1:13 (Fm3c space group) and the residual a-Fe, as exhibited
in Fig. 1(b). From Figs. 1(d) and 1(e), the locally magnified
XRD pattern, it can be observed that with the addition of C,
the peaks of the 1:13 phase shift towards lower angle, whereas
the peaks of Fe are almost unchanged, demonstrating the C

atoms are dissolved in the 1:13 phase and probably occupy the

by the results from the Rietveld refinement of the XRD spec-
tra listed in Table 1. The enlarged lattice parameters of 1:13
phase with addition of C means the carbonization expands the
unit cell. Therefore, during the heat treatment, the peritectoid
reaction occurred in these samples should be: o-Fe + LaFeSi
(or LayFe,Si,C) = La(Fe, Si)3(C).?3301 On the other aspect,
the amount of residual a-Fe phase increases with the concen-
tration of carbon, resulting in the reduction of relative weight
fraction of 1:13 phase. Introduction of carbon possibly hinders
the diffusion reaction between «-Fe and La,Fe;Si>C, thereby

24d interstitial sites of the lattice.!'®28 It can be confirmed  suppressing the formation of 1:13 phase.[?33!]
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Fig. 1. XRD patterns of La; ;Fe; 6Si; 4C; alloys in the (a) as-prepared and (b) annealed states. Panels (c), (d), and (e) are localized magnified

XRD patterns of panels (a) and (b), respectively.

Table 1. The phase fraction and lattice parameters of 1:13 phase and «-Fe in the annealed La; ;Fe;; ¢Si; 4Cy compounds, as well as the

reliability factors Ryp, Rexp, and xz.

Sample 1113 phase a-Fe phase Rwp Rexp x1°
Mass fraction (Wt%) a=b=c(A) Mass fraction (wt%) a=b=cA)
x=0 84.45 11.4749 15.55 2.8660 8.21 7.63 1.61
x=0.25 80.11 11.5145 19.89 2.8644 7.81 7.70 1.03
x=0.5 79.52 11.5354 20.48 2.8631 8.09 7.66 1.12
x=0.75 73.54 11.5537 26.46 2.8636 8.13 7.30 1.24
x=1 68.96 11.5641 31.04 2.8646 8.36 7.37 1.29
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Figure 2(a) displays the room-temperature magnetic hys-
teresis loops of the Laj yFe;; ¢Si;4C, samples after anneal-
ing, and the saturated magnetization Mg is 22.78, 31.25, 45.94,
74.64, and 87.84 A-m2/kg corresponding to x = 0, 0.25, 0.5,
0.75, 1, respectively. At room-temperature, o.-Fe phase is fer-
romagnetic while 1:13 phase is paramagnetic; therefore, the
smaller Mg value indicates the less relative content of o-Fe
phase. With doping of carbon, the amount of residual a-Fe
phase increases, which is generally consistent with above anal-
ysis of XRD results.

Laj soFe;;.,6Si1.4C, annealed

100
(a) at 1323 K for 2 h

50

M (A-m?/kg)
(=]

Y N
—50 =

R N

110 pm
|

L AN
ey R4 &

Fig. 2. (a) Room-temperature magnetic hysteresis loops of the annealed
La; oFe;; 6Sij.4C, compounds, and the SEM images for samples with (b) x =
0, (c) x =0.25, (d) x = 0.5 in BSE mode.

In La(Fe,Si);3 alloys, the magnetocaloric effect is in-
duced by the 1:13 phase. Therefore, the fraction of the 1:13
phase plays a critical role in regulating the magnetocaloric
properties of the alloy. As reported in previous study,3?!
for LaFe;; gSij» the [ASy*™| (under magnetic field change
of 2 T) dropped down remarkably from ~ 24.3 J/(kg-K) to
~ 7.0 J/(kg-K) as the amount of 1:13 phase decreased from
~ 90% to ~ 57.5%. Therefore, the subsequent research fo-
cuses on the LajyFe;;¢Si; 4C, alloys with x = 0, 0.25 and
0.5 due to their relatively high mass fraction of the 1:13
phase. Figures 2(b)-2(d) present the SEM images of annealed
Laj »Feqq.6Si1.4C, in backscattered electron (BSE) mode. Ac-
cording to the EDS measurement, the gray matrix, black area
and white part are the 1:13, o-Fe and La-rich phases, respec-
tively. Because of the low amount of La-rich phase, it was
not detected by XRD. In addition, regardless of the compound
contains carbon or not, the content ratio of La, Fe, and Si is
1:1:1 in the La-rich phase (LaFeSi or LayFe;Si,C). The o-Fe
and La-rich phases with distinct grain boundaries in Fig. 2(b),
are randomly distributed in various parts as small islands af-
ter the introduction of C atoms (shown in Figs. 2(c) and 2(d)).

With the addition of C, the alloy undergoes grain refinement.
Usually, grain refinement promotes the atomic diffusion and
formation of the 1:13 phase,!?!! whereas in this study the C
atoms located in the LayFe;SipC phase probably inhibit the
diffusion reaction between o-Fe and La,Fe,Si,C.[23:31]

18

()

Laj oFei1.6511.4Cx
Annealed at 1323 K
for 2 h
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L L L
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Fig. 3. (a) The M-T curves under a magnetic field of 0.02 T (detected dur-
ing ZFC heating and FC cooling processes) for La;j ;Fej; 6Sij4Cy (x =0,
0.25, 0.5) samples, and the insert is their dM/dT versus T plots derived
from the ZFC M-T curves. (b) Correlation of the Tc with elemental content
in Laj oFe;; ¢Si; 4C, and some other series of La(Fe, Si);3 alloys (the data
taken from Refs. [13,20,37,38]). Lines are guides to display the trend after
adding corresponding elements.

Figure 3(a) exhibits the ZFC-heating and FC-cooling M-
T curves of Laj s2Fe;; 6Si1.4C (x =0, 0.25, 0.5) alloys under
the applied field of 0.02 T. Manifest FM—PM transition is ob-
tained in all the samples near their 7c, which is defined as
the temperature corresponding to minimum value of deriva-
tive dM/dT of the ZFC-heating M—T curves'®! (illustrated
in the inset of Fig. 3(a)). The magnetization of the alloys is
not close to zero at the temperature higher than 7¢, owing to
the existence of a-Fe. When x = 0, 0.25, and 0.5, the T¢ is
192, 252, and 273 K, respectively, increasing with addition
of carbon. The lattice expansion resulted from the intrusion
of interstitial carbon reduces the overlap of the Fe-3d wave
functions and enhances the Fe—Fe exchange interaction, which
induces the increase of Tc.[34] The Tc of LajFeq16Sij4 in

088202-4
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present study is higher than the values of 184 K and 177 K re-
ported previously,!'%3] probably attributed to its higher Si/Fe

e.13%-36] Moreover, the thermal hys-

ratio content of 1:13 phas
teresis was calculated by the difference between the transi-
tion temperature obtained from the heating and cooling M-T
curves,33] and the values are 2.95 K, 0.2 K, and nearly zero
for the samples with x =0, 0.25, and 0.5, respectively. It is no-
ticeable the thermal hysteresis was significantly reduced after
carbonized.

As mentioned in Section 1, replacement of Fe by Si or
Co and intrusion of interstitial C or H in La(Fe, Si);3 alloys
are effective strategy to raise their 7¢c. Figure 3(b) manifests
the nearly linear variation of the 7¢ with composition for
different series of La(Fe, Si);3 alloys, each 1 at.% augmenta-
tion of C, H, Co, and Si makes the T¢ of LajFe;; ¢Si; 4Cy
(this research), LaFe;;6Si;4Cy,[?" LaFe;;sSi;sH,,B7
LaFe;; 6_.Co,Sij 4" and LaFe;3_,Si,*® go up by 23.9 K,
135K, 11.9 K, 16.1 K, and 6.9 K, respectively. The addition
of carbon in off-stoichiometric La;j ;Fe;; ¢Si; 4C, improves
the 7¢ a larger increment, which is possibly ascribed to the
excessive La attracting more C atoms around it, followed by
the enhanced lattice expansion.

The isothermal magnetization and demagnetization (M-
H) curves of LajyFe;;6Sij4Cx (x = 0, 0.25, 0.5) under the
applied field change of 0 T-2 T are depicted in Figs. 4(a)-

160
(a) =0 1
1401 e 70 K
« % 192 K
120+
£
< 100F
g
= 80
<
- < 200 K
E 60 y
40 : el 210 K
20 |
20 2
H(T)
140
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120 i DO A AAAAAAAS
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< sof ¥ ,
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3 60 o - .......-l'-l g 65
~xwE .....-::::::“An 275 K
S o]

0 1 " L 1
0 05 1.0 15 20 25

4(c). The Laj,Fe;;¢Sija undoped with carbon exhibits
abrupt changes of magnetization above the critical field and
obvious hysteresis loops, while the magnetic hysteresis of
La1_2F611.GSi1,4C0.25 and La1_2F611‘6Si1_4C0‘5 are neglectable.
The magnetic hysteresis is mainly due to the field-induced
first-order IEMT from PM to FM state above T¢, which can be
estimated by the area enclosed by the ascending and descend-
ing magnetization curves,''>! and the maximum value of mag-
netic hysteresis loss near Tc is 13.24 J/kg for La; oFe | ¢Si; 4.
Additionally, the residual a-Fe phase leads to the nonlinear
M-H curves at temperatures much higher than 7¢.['?]

The nature of magnetic transition can be determined by
the Arrott (M*-H /M) plots. Figure 4(d) illustrates the Ar-
rott plots calculated by M—H data of the LajFe;; ¢Si;4Cy
(x =0, 0.25, 0.5) compounds just above their 7c. The nega-
tive slope and “S” shape with an inflection point of the curve
for Laj oFey; ¢Sij4 confirms the first-order magnetic transi-
tion, while the positive slope and monotonical increase of
the curves for LajsFeq;6Si; 4Coos and LajsFe;; 6Si;4Co s
indicates the second-order magnetic transition. Therefore,
the addition of C atoms changes the magnetic transition in
Laj yFe;16Si; 4Cy from FOMT to SOMT, which is accordance
with the remarkable reduction of thermal and magnetic hys-

teresis. Previously, similar results for LaFe; Si; 4C, alloys

have been reported.?"!
140
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120 F s 255 K

100}
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= 4ot AR
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Fig. 4. (a)-(c) Magnetization isotherms of the annealed La; yFe;; Si; 4C, (x =0, 0.25, 0.5) alloys measured at various temperatures in vicinity
of Tc under the increasing and decreasing magnetic field of 0 T=2 T. (d) Arrott curves at the temperature near their 7c.
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2 T. (d) Temperature dependence of exponent n curves under a magnetic field of 2 T.

To evaluate the magnetocaloric effect of annealed
LajoFeq16S11.4Cx (x = 0, 0.25, 0.5) alloys, the isothermal
magnetic entropy change (ASy) was calculated from the M-
H curves by the Maxwell equation®*”) and its numerical
approximation[4?!

ASM(T,H) = Sm(T,H)—Sw(T,0)

_/ {8MTH} 4, "
H

T +T My —M;
ASM(z) = ;mAﬂi, )
where M; and M;,; are experimental data of magnetization
at temperatures of 7; and T;;, respectively, under the mag-
netic field of H;. Figure 5 shows the temperature depen-
dent |ASv| under various applied field changes (AH). There
is still some controversy about using the Maxwell equation
to determine the |ASy| of the FOMT materials.
reports, 442 the resulting |ASy;| was overestimated and a spu-

In some

rious peak was obtained near the T¢c. In this study, the sym-
metrical |[ASm|-T curves without spurious |ASy| peaks re-
flect the reliability in estimating the magnetocaloric effect. !
For the La;yFe;;¢Si; 4C, with x = 0, 0.25, 0.5, the maxi-
mum magnetic entropy change |ASy*™| of 18.92, 8.29, and

4.60 J/(kg-K) were observed at 193 K, 252 K, and 272 K
(near their T¢), respectively, under AH = 2 T. The introduc-
tion of C atoms suppresses the first-order IEMT in the al-
loys, therefore the |ASY*™| decreases. The relation between
the [ASY™| (AH =2 T) and the Tc of Laj,Fej;6Sij4Cx
(this study), LaFej;SijaCy,[** La(Fegs3Sio.12)13Hs, 1%
LaFe | ¢_CoySij 4,13 and LaFe;3_,Si,[*8! were presented
the
transition gradually changes from FOMT to SOMT and the

in Fig. 6. As Tc was tuned to higher temperature,
|ASY*| drops considerably for these series of alloys ex-
cept La(Feg ggSio.12)13Hy, which retains FOMT after hydro-
genated. These declining tendencies in La; ,Fe 1 6Si; 4C, and
LaFe;; ¢_,Co,Si 4 are similar and less drastic than that in
LaFe3_,Si, and LaFe;¢Si; 4C,, indicating the addition of
carbon (lower cost than Co and more stable than hydrogena-
tion) in off-stoichiometric La-excessive La;y, (Fe, Si);3 al-
loys is a proposed approach to develop near room-temperature
magnetic refrigerant.

The field dependence of |ASy| follows the power law of

|ASm| o< H", and the temperature and field dependent exponent
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n can be locally evaluated by the equation:

dIn|ASy|

n(T,H) = ~dnH 3)
The detection of n > 2 after the magnetic transition is a crite-
rion to determine that the transition is an FOMT.!*! From the
correlation between n and temperature for Laj pFe;; ¢Si; 4C,
alloys under a magnetic field of 2 T plotted in Fig. 5(d),
it can be found that the n reached the minimum near the
Tc of each sample, then it achieved a value larger than
2 only for Laj,Feq;¢Sij4. These results demonstrate the
magnetic transition of La;>Fe;; ¢Sij 4 is FOMT, while those
of Lal,zFe”A(,Sil_4C0_25 and La1.2F611_65i1.4C045 are SOMT,

which is consistent with the estimation from Arrott plots.
Another parameter for evaluating the magnetocaloric per-
formance of magnetic materials is the refrigeration capac-
ity (RC), which reflects the heat transfer between the cold
and hot reservoirs in an ideal refrigerant cycle.l’! Specif-
ically, RCagra and RCpwpm are defined as RCarga =
fT?:;; ASY*dT and RCrwum = |ASY™| X ATgwhwM, respec-
tively, where Tioq and T are the temperatures of the reser-
voirs. Conventionally, the temperature span between the
reservoirs is approximated by the full width at half maxi-
mum of the peak, ATrwum. The values of RCpwum (AH =
2 T) for LajFe;; 6Si; 4Cy are 168.4 J/kg, 139.9 J/kg, and
141.6 J/kg when x = 0, 0.25 and 0.5, respectively. Al-
though the addition of C reduced the RCrwum by approx-

imately 16%—17%, the working temperature range was re-

markably widened from 8.90 K to 30.78 K. The magne-
tocaloric properties of the La; 2Fe;; ¢Si; 4C, compounds and
several representative materials (with similar working tem-
perature) are listed in Table 2. For both stoichiometric
LaFe;; ¢Si;.4C, and off-stoichiometric La; pFey ¢Sij 4Cy, the
introduction of C raised the T¢ and lowered the |ASy;™|. Com-
pared to other magnetic refrigeration materials with similar
TC (including LaFeH,éSi].4C0.4), the La1‘2F611,6Si1.4C0.25 and
Laj oFeq16Si1.4Co.s alloys have advantages of large magnetic
entropy change, wide working temperature range, high refrig-
eration capacity, and low cost. These characteristics make
them promising candidates for near-room-temperature mag-

netic refrigerator technology.

25 r
§ 20
,—b‘;? B La, »Fe;;65i1.4C, (this work)
J 151 ® LaFei;Si1.4Cy
2 A LaFei;6-4Co,Sii4
= 10 Vv La(Feq gsSio.12)13Hy
. ¢ LaFe;s_,Si,
g2
h
4 st

0 1 L L L 1 L L

180 200 220 240 260 280 300 320 340
Tc (K)

Fig. 6. Relation between |[AS}**| and T¢ of Laj sFe; 6Si1 4Cx and some

other series of La(Fe, Si);3 alloys (the data taken from Refs. [13,36,38,

441]). Solid lines aim to depict the varying tendency caused by introduc-
ing the corresponding elements.

Table 2. Magnetocaloric properties of present alloys and some representative magnetic refrigeration materials.

Materials Tc (K) |ASR| (/(kg-K)) ATrwam (K) RCrwam (J/kg) RCagra (J/kg) Reference
LajsFe; 6Sita 192 18.92 8.90 168.4 146.21 this work
LajsFeq1.6Si1.4Coos 252 8.29 16.87 139.9 108.73 this work
LajsFe;16Si1.4Cos 273 4.60 30.78 141.6 109.10 this work
LaFe; ¢Sii 4 195 ~20.02 ~10 ~200.2 ~ 175.07 [44]
LaF€11A6Si1.4C0.2 227 ~ 15.57 ~10.78 ~ 167.84 ~ 138.12 [44]
LaFe;; 6Si;.4Co4 248 ~17.19 ~2191 ~157.5 ~ 118.63 [44]
LaFe; 5Si; sCo.s 241 ~7.55 ~20.29 ~153.2 ~115.17 [34]
LaFe;;.1Cog5Si; .4 250 8.10 14.4 ~116.6 ~ 89.97 [13]
LaFCl().gCO()jSilA 276 5.21 ~ 23.36 ~121.7 ~95.1 [13]
Lag7Cag3MnOs3 251 ~5.71 ~ 14.47 ~82.6 ~ 68.4 [46]
La0A67Ca0,33Mn03 278 4.33 - 86.6 - [47]
Gd 292 5.20 - 226.9 ~171.3 [48]
However, the RC is not sufficient to compare the quality S(H,T)=ASm+S(0,7), 5)

of magnetocaloric materials, since it often overestimates the
operating temperature range of the materials with a broad and
short |ASy| peak.[>*8] The parameter also ignores the impor-
tance of the adiabatic temperature change (ATyg,).[*®*%! In this
work, the AT,q was calculated by combined data of zero field
heat capacity Cp, (0, T') and |ASy| (observed from M—H data)

through the following relation: !

2 G(0,T)

S(0,T) = /Tl 2O D) gr

T ; “4)

where S(0,T) and S(H, T) are the temperature-dependent total
entropy in zero field and magnetic field H respectively, 71 and
T, are the lowest and highest temperatures respectively. Fig-
ures 7(a)-7(c) display the variation of C,(0,7") with tempera-
ture for La; oFe 1 6Si; 4C, alloys. When x = 0, a sharp peak is
obtained at 191 K, which is an indication of the FOMT. With
increasing C content, the peak of Cp,(0,T') shifts to the higher

temperature, the value decreases gradually, and the shape be-
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comes broader, owing to the weakened IEMT. 511 The tem-
perature dependence of total entropy (S-T curves) in fields
of 0, 1, and 2 T are exhibited in the inserts of Figs. 7(a)-
7(c), and the AT,q is evaluated from the horizontal (isentropic)
distance between two S—T curves with and without magnetic
field.%° In principle, the decrease of specific heat capacity is
beneficial to the increase of AT,y. However, since the ASy; of
Laj sFeq; 6Si1.4C, alloys in this work is reduced with adding
content of C, the AT,q—T curve follows the same trend, as illus-
trated in Fig. 7(d). Forx =0, 0.25 and 0.5, the AT,4 are 4.90 K,
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1400F *=0 80
% 60
1200} £ 40
o 2
N4 wn 20f
5 1000f
'& () 1 1 1
< 180 190 200 21
2 soof T (K)
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= 240F
650 ~
& 200f
= o0l —0T
2
= 600F = 200 —1T
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o,
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4007500 240 280 320 360 400 440
T (K)

3.13 K, and 2.20 K under the field change of 2 T, respectively.
The ATad OfLa1.2F611.6Si1.4 and La1.2F611.6Si1.4C0.25 is higher
than that of Laj 3Fe;; Sij4 (ATyq = 1.49 K and Tc = 183 K),
La; 7Fe;; 6Si14 (ATyq = 3.27 K and Tc = 184 K),P% and
LaFe;; 1Mng 1Co0.7Si1 1 (AT ~ 2.5 K and Tg ~ 252.5 K)52
with similar T¢. Furthermore, when x = 0.25 and 0.5, the
AT,q are comparable to the values of directly measured AT,q
for LaFe; ¢Sij4Co3 (AT,q ~ 3.9 K and Tc ~ 244 K) and
LaFe;; ¢Si1.4Cp.4 (ATyq ~ 2.5 K and T ~ 249 K) under simi-
lar magnetic field change (AH = 1.9 T).[44]
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Fig. 7. (a)—(c) Temperature dependence of heat capacity under zero magnetic field for La; ,Fe; ¢Si; 4C, compounds, the insets show the S—-T
curves in 0 T-2 T magnetic fields. (d) The adiabatic temperature change as a function of temperature under field change of 1 T and 2 T.

4. Conclusion

The off-stoichiometric Laj Fe;;6Sij4Cy (x = 0, 0.25,
0.5, 0.75, 1) alloys were prepared by arc-melting and melt-
spinning, and their microstructural, magnetic and magne-
tocaloric properties were studied.  For the as-prepared
samples, the primary and secondary phases in the C-free
La; sFeq; 6Si; 4 alloy were identified as ¢-Fe and LaFeSi, re-
spectively; while in the C-containing La; 2Feq; ¢Si; 4C, com-
pounds, the C atoms tended to enter the LaFeSi lattice in-
stead of the o-Fe lattice, generating the LayFe;Si>,C phase.
The presence of C in LayFe,Si;C inhibited the diffusion re-
action and suppressed the formation of the 1:13 phase during

the annealing process, although the intrusion of C refined the
microstructure.

For the annealed samples, the C atoms occupied the
24d interstitial site in the 1:13 phase, resulting in the lattice
expansion and raising the 7c from 192 K to 273 K. This
also weakened the IEMT and shifted the magnetic transition
from FOMT to SOMT, reducing the thermal and magnetic
hysteresis significantly. Under the field change of 2 T, the
|ASY*| decreased from 18.92 J/(kg-K) to 8.29 J/(kg-K) and
4.60 J/(kg-K), and the AT,q decreased from 4.90 K to 3.13 K
and 2.20 K, as xincreased from 0 to 0.25 and 0.5, respectively.
The Laj 2Feq1,6Si1.4Co 5 alloy stands out due to its large mag-
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netic entropy change, wide working temperature range and
low cost compared to other magnetic refrigeration materials
with similar 7¢. These characteristics make it a promising can-
didate for near-room-temperature magnetic refrigerator tech-
nology.
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