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Giant magnetocaloric effect of MnAs 1ÀxSbx
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A giant magnetocaloric effect was found in MnAs, which undergoes a first-order ferromagnetic to
paramagnetic transition at 318 K. The magnetic entropy change caused by a magnetic field of 5 T
is as large as 30 J/K kg at the maximum value, which exceeds that of conventional magnetic
refrigerant materials by a factor of 2–4. The adiabatic temperature change reaches 13 K in a field
change of 5 T. The substitution of 10% Sb for As reduces the thermal hysteresis and lowers the Curie
temperature to 280 K, while the giant magnetocaloric properties are retained. ©2001 American
Institute of Physics.@DOI: 10.1063/1.1419048#
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A magnetocaloric effect~MCE! means the isotherma
entropy change or the adiabatic temperature change
application/removal of a magnetic field. Since magnetic
frigeration is expected to be a future technology becaus
its energy efficiency and environmental safety, the explo
tion of new materials with a large MCE is strongly desire
Recently, several systems undergoing a first-order magn
transition~FOMT! were found to exhibit a large MCE.1–4 A
large entropy change in a FOMT originates from a differen
in the degree of magnetic ordering between two adjac
magnetic phases. Thus, the FOMT from a ferromagn
state to a paramagnetic one is expected to show a large M
In this letter, we present the results of the MCE
MnAs12xSbx .

MnAs is a ferromagnet with saturation magnetization
3.4mB /Mn.5 A first-order ferromagnetic to paramagnet
transition takes place atTC5318 K. This transition is ac-
companied by a structural transition from hexagonal Ni
type to an orthorhombic MnP-type structure. Kuhrtet al. re-
ported the MCE of MnAs.6 They directly measured the adia
batic temperature change,DTad, and concluded thatDTad is
at most 0.2 K in a magnetic field change of 0.65 T atTC .
This value is one order of magnitude smaller than that
typical magnetic refrigerant materials,;2 K/T. In their re-
port, Kuhrt et al. corrected data by assuming a temperat
gradient inside the sample. However, the reason for the
rection was not clear. On the other hand, specific heat m
surements of MnAs have revealed that the magnetic entr
jump at TC is as large as 4.1 J/K mol.7 This corresponds
to 35% of the full magnetic entropy,R ln(2S11)
511.52 J/K mol withS53/2 in the localized moment. Fur
thermore,TC increases with an increase in magnetic field
a rate of 3–4 K/T.8 These results strongly suggest that Mn
has a large MCE, if the large entropy jump is retained at h
magnetic fields. With this in mind, we re-examined the MC
of MnAs. The FOMT of MnAs is accompanied by larg
thermal hysteresis, which is unfavorable for practical use
has been reported that the substitution of Sb for As makes
transition broad and reduces the thermal hysteresis.9 More-
over, the Curie temperature can be tuned between 230
318 K by varying the Sb concentration.

a!Electronic mail: wada@mtl.kyoto-u.ac.jp
3300003-6951/2001/79(20)/3302/3/$18.00
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The samples were prepared by a solid–vapor react
Powders of Mn and As were sealed in evacuated quartz tu
and sintered at 800 °C for 7 days. The reaction products w
crushed and subjected again to the same heat treatm
X-ray diffraction patterns indicated that the samples w
almost of single phase with a NiAs-type structure. The m
netic entropy change,DSmag, was evaluated using the rela
tion, DSmag5*0

H(]M /]T)HdH. Magnetization,M , versus
temperature curves were measured in a commercial su
conducting quantum interference device~SQUID! at con-
stant field from 0 to 5 T in field intervals of 0.1 T.

Figures 1~a! and 1~b! show the temperature dependen
of the magnetization of MnAs and MnAs0.90Sb0.10 at various
magnetic fields. For MnAs, the magnetization shows a cl
jump atTC for all of the magnetic fields studied. The Cur
temperature increases nearly linearly with an increase
magnetic field with a slope of 3.4 K/T. On the other han
MnAs0.90Sb0.10 exhibits smooth temperature variation of th

FIG. 1. Magnetization vs temperature curves of MnAs~a! and MnAs0.9Sb0.1

~b! at various magnetic fields.
2 © 2001 American Institute of Physics
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magnetization particularly at high fields. However, theTC of
MnAs0.90Sb0.10 increases with an increase in the field in
manner similar to that of MnAs. Large thermal hysteresis
about 5 K was observed between the heating and coo
processes for MnAs, while it disappeared forx>0.05. The
change in magnetic entropy of MnAs is displayed in Fig
as a function of the temperature. A large MCE was obser
above 315 K. The peak height ofDSmag is not very sensitive
to magnetic field change,DH, whereas the peak width in
creases nearly linearly with increasingDH. These are char
acteristics of systems that undergo a sharp FOMT eve
high magnetic fields.4 Spikes were observed at 317 K in a
theDSmag–T curves. These spikes are probably artifacts d
to the procedure to evaluateDSmag, in which summation
with a finite field interval was employed instead of integr
tion. Neglecting the spike, the peak height ofDSmag is
roughly estimated as 32 J/K kg54.2 J/K mol, which is in
agreement with the magnetic entropy jump atTC in the zero
field described earlier. This is about twice as large as
peak value of Gd5Si2Ge2, which is known as a material with
a huge MCE.1 It is also much larger than that of pure Gd,
J/K kg for DH55 T.1 The adiabatic temperature chang
DTad, was evaluated usingDSmag–T curves and early spe
cific heat data.10 The results are depicted in Fig. 3 as a fun
tion of the temperature. UnlikeDSmag, both the peak heigh
and the peak width are dependent on the change in mag
field. The peak value ofDTad is as large as 13 K forDH
55 T, which is comparable to that of Gd5Si2Ge2, DTad

515 K.1 From these results, we conclude that MnAs is
material with a giant MCE near room temperature. Figur
shows the temperature dependence ofDSmagof MnAs12xSbx

FIG. 2. Change in magnetic entropy caused by a magnetic field,DSmag, of
MnAs as a function of the temperature.

FIG. 3. Temperature dependence of the adiabatic temperature ch
DTad, of MnAs.
Downloaded 07 May 2012 to 152.3.102.242. Redistribution subject to AIP l
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with 0<x<0.10 forDH52 and 5 T. As shown in Fig. 4, the
Curie temperature decreased by 35 K with a 10% subs
tion of Sb for As, whereas the large MCE is retained up
x50.10, despite the disappearance of the FOMT. Our p
liminary results suggest thatTC is lowered to 230 K forx
50.25 without significant reduction of the MCE propertie
These results have demonstrated thatTC can be tuned in a
wide temperature range while retaining a giant MCE
MnAs12xSbx .

Finally, we point out some advantages of MnAs12xSbx

as a magnetic refrigerant material. First, MnAs12xSbx is less
costly than any other magnetic refrigerant material so
proposed, because the conventional materials include s
amounts of rare-earth metals. Second, the Sb-substit
compounds exhibit no hysteretic behavior. Furthermore,
Curie temperature varies gently with the Sb concentrati
ranging from 318 to 230 K with an increase ofx from 0 to
0.25. It is easy to tune theTC of MnAs12xSbx by changing
the Sb concentration. Last, MnAs exhibits metallic behav
In early studies using single crystals it was reported that
electrical resistivity is;100mV cm at room temperature,11

which is of the same order as that of Gd. Although no th
mal conductivity has been reported for MnAs, proper th
mal conductivity as a refrigerant material is expected, if t
thermal conductivity follows Wiedemann–Franz law. The
points suggest that MnAs12xSbx is one of the most suitable
candidates as a magnetic refrigerant material near room
perature.

The recent development of an active magnetic regen
tor ~AMR! has opened the field of magnetic refrigeration f
practical use.12 The concept of the AMR is a combination o
magnetic refrigerants with a heat regenerating mediu
Since AMR materials are required to show a large MCE o
a wide temperature range, hybridizing a series of magn
materials with a large MCE is encouraged. In this conte
FOMT systems are advantageous, because they exhib
large MCE in a relatively weak magnetic field.

In conclusion, we have demonstrated that MnAs exhib
a giant MCE near room temperature, contrary to what w
reported previously. The observed values ofDSmag andDTad

are superior or at least comparable to those of the magn
refrigerant materials thus far proposed when the peak va
are compared. The substitution of 10% Sb for As lowersTC

ge,

FIG. 4. DSmag in field changes of 0–2 and 0–5 T vs the temperature
MnAs12xSbx .
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by 35 K without any significant reduction of the MCE. W
believe that the discovery of the giant MCE of MnAs12xSbx

will have a significant impact on the realization of magne
refrigeration.

The authors are grateful to Professor M. Shiga for va
able discussions and comments. Thanks are also due to
fessor T. Kanomata of Tohoku Gakuin University for h
advice on sample preparation.
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