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Magnetocaloric effect in itinerant electron metamagnetic systems
La(Fe1-xC0,)11.9Si11

F. X. Hu?
Department of Physics, Capital Normal University, Beijing 100037, People’s Republic of Chinaand
Department of Physics, The University of Hong Kong, Pokfulam Road, Hong Kong

J. Gao
Department of Physics, The University of Hong Kong, Pokfulam Road, Hong Kong, China

X. L. Qian
Department of Physics, Capital Normal University, Beijing 100037, People’s Republic of China

Max llyn and A. M. Tishin
Department of Physics, M.V. Lomonosov Moscow State University, Moscow, 119899, Russia

J. R. Sun and B. G. Shen
Beijing National Laboratory for Condensed Matter Physics, Institute of Physics,
Chinese Academy of Sciences, Beijing 100080, China

(Presented on 9 November 2004; published online 13 May 2005

The NaZnstype compounds L&e_,Co)q105h1 (x=0.04, 0.06, 0.0B were successfully
synthesized, in which the Si content is the limit that can be reached by arc-melting techiiigsie.
tunable from 243 to 301 K with Co doping fror¥0.04 to 0.08. Great magnetic entropy chaddge

in a wide temperature range from230 to ~320 K has been observed. The adiabatic temperature
changeAT,q upon changing magnetic field was also directly measufddy of samplex=0.06
reaches~2.4 K upon a field change from 0 to 1.1 T. The temperature hysteresis upon phase
transition is small,~1 K, for all samples. The influence of Co doping on itinerant electron
metamagnetic transition and magnetic entropy change is discussgd0®American Institute of
Physics[DOI: 10.1063/1.1847071

Magnetocaloric effectMCE) has been a topic of intense magnetocaloric effecl is tunable from 243 to 301 K with
research in the past decades. MCE is induced via the coo doping fromx=0.04 to 0.08. The influence of Co doping
pling of the magnetic sublattice with the magnetic field. It on itinerant electron metamagnetic transition and magnetic
can be characterized by isothermal entropy chaA§eas  entropy change is discussed.
well as adiabatic temperature chan§€,; The compounds The samples employed in the present investigation were
with cubic NaZnstype structure have been recently sug-prepared by repeated arc-melting appropriate amounts of
gested to be appropriate materials for exploring efficienstarting materials. The commercial purity of the starting ma-
magnetic refrigerants.* The large magnetic entropy change terials La, Fe, Co, and Si are 99.9 wt %, 99.99 wt %, 99.9
reported in this class of ferromagnetic materials warrants furwt %, and 99.999 wt %, respectively. The ingots were
ther experimental and theoretical studies. The Nafype  wrapped with Ta foil individually and homogenized in a
compounds LaRg_Si, with low Si content show an itiner- sealed quartz tube with a high vacuum of4@a for 30 days
ant electron metamagnetic transition above Curie temperat 1323 K, then quenched in liquid nitrogen. Quenching is
ture T and a negative lattice expansionTat With decreas- important to obtain a stable compound with low Si content
ing Si content, the nature of the phase transition evolve$or this class of alloys. The Si composition in present
from second-order to first-order and the first-order nature isamples LéFe_,C0o,)1; oSi; 1 (x=0.04, 0.06, 0.0Bis the
strengthened by further reducing the Si content. We foundimit that can be reached by using such a synthesizing
that incorporation of Co weakens the first-order nature of thenethod. Further reducing Si content would cause appearance
transition and drived ¢ to a higher temperature. A proper of a large amount of-Fe. X-ray diffraction(XRD) analysis
combination of Si and Co could maki. near room tem- show that the present samples crystallized in a single phase
perature and preserve the first-order nature of the transitiomf cubic NaZn13-type structure. A mine-Fe impurity was
which is characterized by a sharp change of lattice parametesbserved, the amount of which is around 4—6 wt % estimated
In this paper, we successfully synthesized NgAype com-  from Rietveld refinement of the XRD data, as well as the
pounds L&Fe,_,Ca )1 6Si; 1 (x=0.04, 0.06, 0.08 in which  chemical analysis by inductively coupled plasma-atomic
the Si content is the lowest limit that can be reached byemission spectrometryiICP-AES. All magnetic measure-
arc-melting technique, and systematically investigated theiments were performed using a superconducting quantum in-

terference devicdSQUID) magnetometer. The Curie tem-
dauthor to whom correspondence should be addressed; electronic maiPeratureTC was determined to be 243, 274, and 301 K for
fxhu2002@hku.hk samplesx=0.04, 0.06, 0.08 from the temperature dependent
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magnetization measured under a field of 0.01 T. The direc&g s ] R
measurement of magnetocaloric effect was carried out unde =
adiabatic conditions with a continuous registration of a tem- 0 i . . .

h f . f lied . %=0.04 x=0,04 O field increase
perature change upon a fast increase of applied magneti 150 - 04 —o—foid decrease |
field. The rate of the field change is about 0.7 T/s. The ac- 1 8 oK S
curacy of the measurements is about 5%. S 00lF Fyndl 100 3

In order to study the structure change on altering mag- £ | :::: £
netic state with temperature, XRD measurements at variou: @, 5 okl 50 °
temperatures were performed for all samples. It is found thale s00k| =
the crystal structure remains cubic Na#type, but the lat- 0

tice parameter changes dramaticallyTat implying a first- 00 16 32 48 00 16 32 438
order transition. Figure 1 shows the temperature dependenc pnH (T) p H(T)
of lattice parameter obtained from the XRD spectra, noting 0
the large negative thermal expansion n@ar The lattice  FIG. 2. Magnetization isotherms of (Be_,Co)11Sir; (x=0.04, 0.06,
parameter in the ferromagnetic state, for different sample8.08 compounds(a) Isotherms on field increase. Temperature ssepK in
x=0.04, 0.06, and 0.08, is bigger than that in the paramagtbe vicinity of T¢, and 5 K for_the regions far away froif.. (b) Selected

. . . “isotherms measured on field increase and decrease.
netic state by~0.63%, 0.44%, and 0.41%, respectively, in
the vicinity of Tc. The substitution of Co for Fe atoms influ-
ences the magnetovolume effect. The amount of lattice comsf Co for Fe atoms further reduces the magnetic hysteresis.
traction gradually decreases with increasing Co dopingThe small field hysteresis is considered to be a favorable
Careful measurements of ac susceptibility on heating andharacteristic for magnetic refrigeration applications.
cooling indicate that temperature hystereses of the transitions Figure 3 shows the magnetic entropy changas func-
for all samples are smaly1 K. In the past, several theories tions of temperature and magnetic field obtained by using
were used to describe magneto-elastic effect in itineranmMaxwell reIationAS(T,H):IQ(ﬁM/aT)HdH.l‘4 The AS of
magnetic system%? A widely used theory is the local- Gd is also presented for comparison. One can find that the
moment volume magnetostriction, in which the magnetovolLa(Fe,_,Cq,)1; ¢Si; ;1 compounds show largAS in a wide
ume effect arises from the volume dependence of the exemperature range from+230 to ~320 K. The AS signifi-
change integral between spins. A theory developed byantly exceeds that of Gd. TheS magnitude decreases with
applying the Stoner band model suggested that the magnetimcreasing Co doping, which may correlate with the weak-
volume effect is connected with the increase of the kinetimess of the magnetovolume effédsee Fig. 1L The weaken-
energy of the electron system due to the splitting of tde 3

band. For LaFeAl compounds with Nagrtype structure, 30

previous investigatior?sindicated that the magnetovolume La(Fe, Co), Si,, —o—sT
effect comes from both the local-moment and band part, but 261
the latter contributes much more than the former. For under- < 20/
standing the origin of the large negative expansion igan o
present compounds, detailed information about the band i\‘, 15,
structure is still needed. % 104
Figure Za) displays the magnetization isotherms of g
La(Fe,,C0y)1; iy 1 (x=0.04, 0.06, 0.0Bmeasured on field 51 X Do
increase in a wide temperature range with different tempera- PR el oo oty S L
ture steps. In the vicinity of ., the temperature step of 2 K 200 240 280 320 360
is chosen and a stefd 6 K for the far regions. Figure (B) T(K)

;hows seIectedVI_—H curves for increasing and _decreasmg FIG. 3. Magnetic entropy chang@S of La(Fe,,Coyy, &Sl (x=0.04,
T'elds- Or‘e can find that the magnetic hysteresis upon al‘ltefI.OG, 0.08 in comparison with that of Gd for the magnetic field changes
ing field is small for all samples. Moreover, the substitutionfrom 0 to 2 and from 0 to 5 T.
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2,5_a)' T ing the sample from 240 K to 280 K upon a field change
20| La(Fe, Co). Si., .° *s, ] from 0 to 1.1 T. One can see the peak valuéd\dfy reaches
% 45/ X=006 o '.. ] 2.4 K. The peak position aAT,4was found arouth 3 K less
5 iol H=14T o ] than T, defined by thermal magnetization curves. This dif-
) . ference in pickingAT,y temperature and . may be ex-
081 L. " 1 plained by a simple thermodynamic motfeand could be
00 e 252 288 264 50 36 282 accounted as quite reasonable. The field depenki€gicol-
T(K) lected at different temperatures in the vicinityIlf is shown

25

in Fig. 4(b). One can find thaAT,4 collected at present tem-

.\ La(Fe Co) Si . o
b) A e"g sl gp peratures starts to increase at the same magnetic fidil of

2.0 x=0.0 USSR ) ) .
3 |o 208K ,;"‘:t° ° ~0.4 T, and has a nearly linear dependence on applied field
= 1511 ok o] in the region of 0.4 KH<1.4 T. All AT,4 curves do not
10]0 seeek 5% ‘" ] display a saturation behavior. It means that adiabatic tem-
o5 3o ' perature change would increase noticeably with increasing
] field.
00 02 04 O-SH%?)M 121416 In summary, L& e _,Ca)1; S, (x=0.04, 0.06, 0.08

compounds with tunabl&: from 243 to 301 K are success-
FIG. 4. (a) Adiabatic temperature changel .4 of samplex=0.06 as a func- fu”y Synthesized, in which the Si content reaches the lowest
tion of temperature obtained by direct measurements upon a field chandémit by using the present synthesis method. The magnetic
fr%m 0to 1.1 T.(b) The AT,q4 as a function of applied magnetic field for ordering atTc is accompanied by a large increase of lattice
different temperatures. parameter without changing the NaZitype structure. The

) ) transition is of first-order in nature with small temperature
ing of magnetovolume effect would lead to a lessening of the, 4 fia|qg hystereses. Large magnetic entropy change in a
slope of M—T curves nearTc, and thus a decrease &S e temperature range from230 to~320 K is observed.
according to Maxwell relation. o The substitution of Co for Fe increas&s but reduces the

~ The asymmetrical broadening afS peak with increas- 5 nt of lattice contraction and suppresses the IEM transi-
ing field for La(Fe,,Coy11 6511 iS @lso observed, whichis @ yjon gradually, thereby leads to a decrease\8fand weak-

result of the field-induced itinerant-electron metamagnetic,q the asymmetrical broadening of the peak. The results

(IEM) transition from paramagnetic to ferromagnetic statet 5qjanatic temperature change obtained by direct measure-

1 .
aboveTc.” Increasing Co content makes the phenomenon of,anis are also reported. Large values of the isothermal en-
asymmetrical broadening become weak. It seems that the, o change and adiabatic temperature change together with
substitution of the Co for Fe atoms can suppress the IEM,nsatyrated behavior of the field dependence of the MCE

transition in the present compounds. The phenomenon Qfynfirmed the large potential of present compounds as mag-
IEM transition was historically observed in madyelectron  nayic refrigerants in a wide temperature range near room
systems. Yamada discussed it by taking into account the ef‘emperature.
fect of spin fluctuations on the Ginzburg—Landau théory.
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