Applied Physics
Letters

NN

Normal or inverse magnetocaloric effects at the transition between
antiferromagnetism and ferromagnetism
Bing Li, Wen Liang, Weijun Ren, Weijin Hu, Ji Li et al.

Citation: Appl. Phys. Lett. 100, 242408 (2012); doi: 10.1063/1.4729122
View online: http://dx.doi.org/10.1063/1.4729122

View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v100/i24
Published by the American Institute of Physics.

Related Articles

On the Curie temperature dependency of the magnetocaloric effect
Appl. Phys. Lett. 100, 242407 (2012)

Spin reorientation and the magnetocaloric effect in HoyEr(1-y)N
J. Appl. Phys. 111, 113916 (2012)

Large magnetocaloric effect induced by intrinsic structural transition in Dy1-x HoxMnO3
Appl. Phys. Lett. 100, 222404 (2012)

Enhancement of magnetocaloric properties near room temperature in Ga-doped Ni50Mn34.5In15.5 Heusler-type
alloy
J. Appl. Phys. 111, 103902 (2012)

Reversibility in the inverse magnetocaloric effect in Mn3GaC studied by direct adiabatic temperature-change
measurements
Appl. Phys. Lett. 100, 202404 (2012)

Additional information on Appl. Phys. Lett.

Journal Homepage: http://apl.aip.org/

Journal Information: http://apl.aip.org/about/about_the journal
Top downloads: http://apl.aip.org/features/most_downloaded
Information for Authors: http://apl.aip.org/authors

ADVERTISEMENT

~i%- Agilent Technologies

Packed with over 100 articles, application notes, webcasts, and videos
relating to Renewable Energy, Nanoscience, RF/Wireless, MIMO, Materials,
Digital Signals, Photonics, and General Test & Measurement.

: Agilent Technologies



http://apl.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/487924501/x01/AIP/Agilent_APLCovAd_1186x413Banner-6_7_12/Agilent_APLCovAd_6_12_12.jpg/7744715775302b784f4d774142526b39?x
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Bing Li&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Wen Liang&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Weijun Ren&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Weijin Hu&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Ji Li&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4729122?ver=pdfcov
http://apl.aip.org/resource/1/APPLAB/v100/i24?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4726110?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4728201?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4722930?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4716033?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4717181?ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://apl.aip.org/about/about_the_journal?ver=pdfcov
http://apl.aip.org/features/most_downloaded?ver=pdfcov
http://apl.aip.org/authors?ver=pdfcov

APPLIED PHYSICS LETTERS 100, 242408 (2012)

Normal or inverse magnetocaloric effects at the transition between
antiferromagnetism and ferromagnetism

Bing Li (Z=&)," Wen Liang (£32),2 Weijun Ren (I£ L&), Weijin Hu AT 1),
JiLi (ZZ)," Changqing Jin (8% %),% and Zhidong Zhang (kS %)’

Shenyang National Laboratory for Materials Science, Institute of Metal Research, and
International Centre for Materials Physics, Chinese Academy of Sciences, 72 Wenhua Road,
Shenyang 110016, People’s Republic of China

2Beijing National Laboratory for Condensed Matter Physics, and Institute of Physics,

Chinese Academy of Sciences, Beijing 100190, China

(Received 21 November 2011; accepted 27 May 2012; published online 13 June 2012)

The magnetocaloric effect (MCE) at the antiferromagnetic (AF) to ferromagnetic (F) phase
transition in Mn o5sNig gsGe and CrO; ggFj 14, and the MCE at the F-AF transition in Tb;Co have
been investigated. Mn; osNig gsGe and CrO g¢Fy 14 are found to exhibit the inverse MCE whereas
the MCE of Tb;Co is normal. For these compounds, the dependence of the transition temperature
on the applied magnetic field B has been studied. A thermodynamical analysis is presented of the
sign of the magnetic-entropy change in these three compounds which are representatives of two
different types of B-T diagrams. Other possible B-T diagrams are discussed and the analysis is
extended to AF-F and F-AF phase transitions reported in literature. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4729122]

The magnetocaloric effect (MCE) is the change of tem-
perature of a magnetic material, either heating or cooling,
upon application of a magnetic field.'” Usually, a consider-
able MCE occurs at a magnetic phase transition. Because of
its potential for very efficient and environment-friendly
application in refrigeration, the MCE has been intensively
investigated during the last decade and many materials such
as Gd, Gds(Si;_«Ge,)s and MnFe(P;_As,), La(FeSi);3 have
been reported to have a large concomitant MCE at the mag-
netic phase transition.” ® At the transition from the ferromag-
netic (F) to the paramagnetic (P) state, a so-called normal
MCE is found which corresponds with a negative magnetic-
entropy change AS,, and positive adiabatic temperature
change AT,, when the magnetic field is increased. However,
at the antiferromagnetic (AF) to F phase transition, either a
normal or an inverse MCE (positive AS,, and negative AT,
with increasing magnetic field) can be found. The occurrence
of these two possibilities is a challenging subject for study.
In the present paper, the inverse MCE at the AF-F transition
in the compounds Mn; ¢sNipgsGe, and CrO; ggFp 14 and a
normal MCE at the F-AF transition in Tb;Co is presented.
The dependence of the transition temperature T, on the
applied magnetic field B has been investigated for these three
compounds, a thermodynamic analysis of the obtained B-T
phase diagrams is presented and is extended to other AF-F
and F-AF phase transitions reported in literature.

At the AF-F phase transition, the free enthalpies Gar
and G of the two phases in equilibrium should be equal, so
that Hyp — TSar = Hp — TSp, where H and S represent the
enthalpy and entropy, respectively, of the AF and F phases.
If the AF phase is stable at low temperatures, its enthalpy
Hp will be smaller than the enthalpy Hr of the F phase. Via
the —7TSr term, the entropy S of the high-temperature F
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phase, being evidently larger than S4, drives the phase tran-
sition. In this case, AS = Sg — Sqr > 0. Following the same
reasoning for the case that the F phase is stable at low tem-
perature, it is found that AS = Sg — Sar < 0.

If a magnetic field is applied, the free-enthalpy equilib-
rium condition becomes Hap — TSar = Hp — TSF — uB.(T),
where B, is the critical field at which the phase transition
occurs. From this, it follows that dB./dT = —AS/u with
AS = Sp — Sar and u the magnetic moment of the F phase. It
is seen that the sign of dB,/dT determines the sign of AS.

The experimental determination of the MCE includes
the measurement of the magnetic-entropy change at the
phase transition in B-T diagram by application of a mag-
netic field. Regarding the occurrence of the normal MCE
(AS < 0) or the inverse MCE (AS > 0), above thermody-
namic considerations show that the normal MCE will
occur if the F phase is stable at low temperature. If AF is
the stable low temperature phase, AS = Sy — Sar > 0 and
MCE is inverse. In total, as shown in Fig. 1, six schematic
types of B-T phase diagrams can be considered. However,
three of them can be anticipated to be unphysical. An
applied magnetic field favors the F phase and the AF
phase can be expected to become unstable at sufficiently
large applied field. Therefore, the AF phase will only exist
in the lower-field region in a B-T diagram and the dia-
grams of the types @, ®, and ® cannot be expected to
exist. This also follows simply from above thermodynamic
considerations. These diagrams do not obey the laws of
thermodynamics because the sign of AS derived from the
equilibrium condition of the two phases in the absence of
an applied field does not agree with the sign of AS derived
from dB./dT. For sake of the discussion, we distinguish
two regions in diagram @, region @a, where the AF to F
transition occurs also without an applied magnetic field,
and region @b where the transition occurs in an applied
magnetic field, also at zero temperature.

© 2012 American Institute of Physics
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FIG. 1. Schematic magnetic field vs temperature phase diagrams for phase
transitions between AF and F. Six types of diagrams are shown, of which
only the types @, @, and ® do exist.
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Polycrystalline Tb;Co and Mn; (sNijgsGe have been
prepared by arc melting and subsequent annealing for obtain-
ing homogeneity. Polycrystalline CrO; g¢Fo.14 was synthe-
sized under a pressure of about 6 GPa at about 1200 °C. The
x-ray diffraction patterns showed all prepared compounds to
be single phase. The magnetic properties were measured in a
superconducting quantum inference device magnetometer
(MPMS-XL, Quantum Design). The transition temperatures
were determined by determining the extremal value of the
first-order derivative of the magnetization with respect to
temperature. The temperature dependence of the critical field
was derived from the magnetic isotherms at different
temperatures.

The compound MnNiGe has two different structures,
one is the low-temperature orthorhombic TiNiSi-type AF
phase with Ty =346K, and the other the high-temperature
hexagonal Ni,In-type phase with a paramagnetic Curie tem-
perature of 277K.” With increasing temperature, MnNiGe
undergoes phase transitions from orthorhombic AF to ortho-
rhombic P, and from orthorhombic P to hexagonal P.
To obtain hexagonal F MnNiGe, off-stoichiometric
Mn;o_ ,Ni,Ge alloys have been investigated by Zhang
et al.® The hexagonal F phase was obtained for x =0.85 and
0.855. The temperatures of the magnetostructural transition
from the AF TiNiSi-type structure to the F Ni,In-type struc-
ture were found to be 140K and 165 K, respectively, indicat-
ing that this temperature is very sensitive to the composition.
Figure 2(a) shows the temperature dependence of the zero-
field-cooled (ZFC) and field-cooled (FC) magnetization of
Mn; osNig gsGe in a magnetic field of 0.01 T. The divergence
of the ZFC and FC curves indicates that the magnetostruc-
tural transition is first order. The Curie temperature T¢ is
205K and T; of the AF to F transition is 100K. Upon
increasing magnetic field, the AF to F transition shifts to
lower temperatures (Fig. 2(b)) and a linear relationship
between the critical magnetic field and temperature is found
(Fig. 2(c)). The slope is negative, so that the AF to F transi-
tion in Mn ¢sNiggsGe is representative of type @a. It fol-
lows that AS is positive, i.e., that the MCE is inverse. The
positive magnetic-entropy change with a maximum value of
277 kg ' K™! for a magnetic-field change from 0 to 5T, as
reported by Zhang et al., confirms the occurrence of the
inverse MCE.®

CrO, is a magnetic substance which is widely used in
magnetic recording media. Compounds of the CrO,_F, se-
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FIG. 2. (a) Temperature dependencies of the ZFC and FC magnetization of
Mn; 05NipgsGe in a magnetic field of 0.1 T, with T; and T¢ indicating the
transition temperatures from AF to F and from F to P, respectively; (b) Tem-
perature dependence of the ZFC magnetization of Mn (sNipgsGe at mag-
netic fields of 0.1, 0.5, 1, 2, and 5 T; (c) Dependence of the critical magnetic
field of the AF to F transition on temperature.

ries with 0.12 <x <0.20 have been synthesized under high-
pressure and at high-temperature by Chamberland ef al. and
from the temperature dependence of the magnetization it has
been deduced that these compounds undergo an AF to F
phase transition.” The inset of Figure 3(a) shows the temper-
ature dependence of the ZFC magnetization of CrO; g¢Fo 14
in a magnetic field of 0.05T. The values of T and T, are
186K and 90K, respectively. With increasing magnetic
field, T shifts to lower temperatures, corresponding with a
negative dB./dT (Fig. 3(b)), representing another example
of a phase diagram of type Ma. In Fig. 3(a), the magnetic iso-
therms are shown from 45 to 110K with temperature steps
of 5K. A magnetic isotherm at lower temperature crosses
with one at higher temperature, which is ascribed to that the
saturation magnetization of the (induced) F phase at higher
temperature is smaller due to the temperature disorder. As
shown in Fig. 3(c), the magnetic-entropy change evaluated
by means of the Maxwell relation at a magnetic-field change
from O to 1.5T is inverse, which agrees with the negative
sign of dB,./dT.

Previously, we have suggested that Tb;Co might be a
promising magnetic-refrigeration material around the tem-
perature window of liquid nitrogen.* Here, we focus on the
MCE at lower magnetic-field changes. Figure 4(a) shows the
temperature dependence of the ZFC and FC magnetization
in a magnetic field of 0.05T. The FC curve and the ZFC
curve do not coincide because of the freezing of magnetic
moments at low temperatures in the ZFC measurement. The
compound undergoes an F to AF transition at 7,=72K,



242408-3 Lietal.
120
45-110K: AT=5K (a)
1007 increasing
~ 20f
"0 80 P T,l TC
N'x ) l
£ 60 o=
< £ 10f
= 40 <
= 0.05T
ot . . ;
20 0 100 200 300 400
o T (K)
0 1 2 3 4 5 6
B (T)
0.5 m (b) 12} @ ©
04 . hadhad
T 08F o
_ 03} " E;
= %0.4 i o
R0.2¢ " P
01l -..‘ 0.0} °
] AB:0-15T @
0.0 ! L L 0.4 . \ .
60 70 80 90 40 80 120
T (K) T (K)

FIG. 3. (a) Magnetic isotherms of CrO; g¢Fo 14, measured from 45 to 110K
with temperature steps of 5 K. The inset shows the temperature dependencies
of the ZFC and FC magnetization in a magnetic field of 0.05 T, with 7, and
Tc indicating the transition temperatures from AF to FM and from FM to
PM, respectively; (b) Temperature dependence of the critical magnetic field
of the AF to FM transition. (c) Magnetic-entropy change at magnetic-field
changes from 0 to 1.5 T.

followed by an AF to P transition at 7y = 82 K. The inset dis-
plays the shift of the F to AF transition with increasing mag-
netic field, as seen in the temperature dependence of the
reduced magnetization. This finding is consistent with our
previous results that were derived from magnetic isotherms
measured at various temperatures around the transition. The
temperature dependence of critical magnetic field is linear
with a positive slope (Fig. 4(b) and, accordingly, the MCE at
this F to AF transition is normal. The negative magnetic-
entropy change, shown in Figs. 4(c), exhibits peaks at the
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FIG. 4. (a) Temperature dependencies of the ZFC and FC magnetization of
Tb3Co in a magnetic field of 0.05 T, with T indicating the transition temper-
ature from AF to F. The inset displays the temperature dependence of the
ZFC reduced magnetization at different magnetic fields. (b) Temperature de-
pendence of the critical magnetic field of the AF to F transition. (c)
Magnetic-entropy change at magnetic-field changes from 0 to 1 T.

temperatures T, and Ty, which are associated with the F to
AF and the AF to P transition, respectively. The phase dia-
gram of Tb3Co is of type @.

In Table I, the main characteristics of the three investi-
gated systems have been summarized, together with a few
more examples of the possible B-T phase diagrams that have
been taken from literature and will be discussed below. The
compound FeRh possesses an AF to F phase transition at
316K, with a transition temperature T, that decreases to
292K if the magnetic field is increased to 2.5T. The B-T
diagram is of type @a and the MCE is inverse. The maxi-
mum magnetic-entropy change is 11.6J/kg K for a
magnetic-field change from 0 to 2.5T."° The compound
Ni; 9sMny 46Ing 59 has been reported to undergo a transition
from AF martensite to F austenite at 285 K (Ref. 11) and it
can be seen in Fig. 3 in Ref. 11 that the critical field

TABLE I. Parameters for materials exhibiting a normal or an inverse MCE at the AF to F transition: The type of magnetic transition and phase diagram, the
sign of dB./dT, the magnetic-ordering temperature (T, Tc), the transition temperature T in the absence of a magnetic field, and the type of MCE.

Material Transitions Phase diagram Sign of dB./dT Tc (K) Tn (K) T, (K) MCE

Mn; 5Nig gsGe® AF-F ®a Negative 205 100 Inverse
CrO geFo.14" AF-F ®a Negative 196 90 Inverse
FeRh'® AF-F ®a Negative 650 316 Inverse
Nij.9sMn; 46Ing 50" AF-F ®a Negative 316 . 285 Inverse
UNiAl'"? AF-F @b Negative 19 . Inverse
TbCo™* F-AF @) Positive 82 72 Normal
Gd,Al'*™ F-AF ® Positive 50 Normal

“This work.
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decreases with increasing temperature. Also the B-T diagram
of Nij gsMnj 46Ing 59 is of type Da. The inverse MCE accom-
panying the AF to F transition in NijosMnj 46lngse is
reported in Ref. 11. The hexagonal ZrNiAl-type ternary
compound UNiAl presents an example of an AF to F transi-
tion with a B-T diagram of type ®@b. This compound is itiner-
ant AF with Ty =19.3K. At low temperatures and at high
magnetic-field values, larger than 11.35 T, the magnetic field
induces an AF to F transition.'* The transition temperature
T, decreases with increasing magnetic field and an inverse
MCE has been reported, making UNiAl an excellent exam-
ple of type ®b. As a last example, we mention the compound
Gd,Al which is AF with Ty =50K. At 4.5K, a field-induced
magnetic AF to F transition occurs at a critical field of
2.5T."*! This field value increases a little with increasing
temperature, which means dB./dT is positive and that the
MCE is normal. The latter is indeed obtained by applying
the Maxwell equation to the magnetic isotherms in Refs. 13
and 14 and Gd,Al can be considered as a nice example of a
B-T diagram of type ®. In Table I, the types of magnetic
transitions in the absence of a magnetic field, the type of
phase diagram, the sign of the temperature dependence of
critical magnetic field for the AF to F transition, the
magnetic-ordering temperatures Ty or T¢, and the type of
MCE for the discussed compounds with F to AF or AF to F
transition are summarized.

In conclusion, the temperature dependence of the critical
magnetic field B, of the magnetic phase transition of
Mn, sNi g5sGe, CrO; g6Fg 14 and Tb3;Co and the associated
types of MCE have been investigated. In the former two
compounds, the transition at T, is AF to F, with B-T diagram
of type @a, a negative dB./dT and an inverse MCE; while
the transition at T, in the latter one is F to AF of type @, with

Appl. Phys. Lett. 100, 242408 (2012)

a positive dB,/dT and a normal MCE. Other possible transi-
tion types and some related compounds collected from the
literature are also discussed.
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