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(MnNiSi)i1-x(FeCoGe)x undergoes a magnetostructural Q‘.’:::r ition near room temperature
that is acutely sensitive to applied hydrostatic pres@t, whieh presents as a marked shift in the
martensitic transition temperature (7m) by about =7.5 K/kbar. The magnetostructural transition
can therefore be induced by applied hydrosﬁ(& stre or by magnetic field. The barocaloric
\

and magnetocaloric effects were measured agross 7m (for the sample with x = 0.38), and the

\ S

corresponding entropy changes wi\iﬂkg K (P = 2.7 kbar) and —58 J/kg K (@oH =5 T),
respectively. It was observed t \thqansition entropy change increases with pressure, which
results in an enhancement’o barocaloric effect. Our measurements show that the transformed
phase fraction associ t;(‘i;xg agnetostructural transition does not depend on pressure and
therefore this en{% (énnot be attributed to a pressure-assisted completion of the phase

transformatio 3
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Publishingsolid-state caloric effect is defined as a change in entropy or temperature in a material in
response to an isothermal or adiabatic variation of an externally applied parameter such as
magnetic field, stress, hydrostatic pressure, or electric field. Materials that exhibit solid-state
caloric phenomena could promote the development of more en%onmentally—friendly and
efficient alternatives to conventional, vapor-compression-base C(@ing vices. Significant
progress has been made over the past decade in the develop}lsw magnetocaloric effects
(MCE), and materials that exhibit this property have long_-l:: sought for applications in room
temperature magnetic cooling [1-5]. However, the less- udiecﬁ:)ressure—induced effect, i.e., the
barocaloric effect (BCE), has shown promise ftgg;ecehj discoveries of the phenomenon in
solid-state materials [6-14]. The BCE is expe(ﬁw t;in any solid material that undergoes a
pressure-induced volume change. In tum%:;cied theoretically, the most likely candidates to
show both large BCE and MCE (i.e., Tﬂylo\{ effects) are materials that undergo a first-order
magnetic transition (FOMT) With&\\ul neous large change in volume [15]. The combined

caloric (multicaloric) effects in a Material may provide a way to improve the effectiveness

and efficiency of solid~ te\mfling. For instance, a pressure-induced shift of a first-order

ed'to oyercome the negative consequences of thermal hysteresis [16] and

V.
also to modify h%)p tional temperature regimes for cooling [17, 18].
He v@@rt the observation of a large BCE and MCE at the same FOMT near room
£

the/MnNiSi-based compound, (MnNiSi)1«(FeCoGe)x (x = 0.38). In recent years,

transition may be utili

temperature 1
the:Mn asedSternary compounds with the formula Mn7X (7 = Ni, Co and X = Si, Ge) have
att ctedSconsiderable attention because of their pronounced magnetocaloric properties near
wmﬁemperature. In these compounds, the effects originate from a magnetostructural transition

(MST) with a large volume change of about 3-4% [19-26]. A large volume change is also
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Publishifegponsible for the large MCE in (MnNiSi)1-«(FeCoGe)x [24]. The large pressure-induced shift of
the MST that was observed in our study of the magnetocaloric properties of this compound [24]

prompted this current study of its barocaloric properties. In their stoichiometric forms, the

materials in this family undergo a second-order magnetic transition with a variety of magnetic

P -

structures in the ordered state (depending on composition), such ca‘)%rromagnetic (e.g.,
in MnCoGe and MnNiSi) [27], spiral antiferromagnetic (in 1Ge)[28], and noncollinear
helical antiferromagnetic (in MnCoSi) [29, 30] structures;\ Qe‘psramagnetic state, all of the
compounds undergo a martensitic structural transition from a h&h—temperature hexagonal Ni2In-
type structure to a low-temperature orthorho blcgf iN’TSi—type structure accompanied by a
positive and large change in volume. In ordertg obta T;r-ge caloric effects, it is crucial that the

magnetic and structural transitions be c%s can often be accomplished by varying the

chemical composition [19], changing t \ﬁlﬁ metry [20, 21], isostructurally substituting [22-
24], or by applying pressure 25&&{ these tuning strategies, coupled magnetostructural
transitions have been realized inw‘of these materials near room temperature, along with
giant magnetocaloric ef tshjtered by a large additional structural contribution to the total
isothermal entropy gé Gjn rally, the structural transition responds more quickly to external
stimuli than the-magnetic transition. Consequently, when magnetocrystalline coupling is present,
the magnetOst ?Jral transition proceeds at the rate of the purely structural transition. It is
important, fo ¢ pﬁcations that the MST remains coupled over a wide temperature range that
spans roQm temperature.

P&)lycrystalline (MnNiSi)1«(FeCoGe)x (x = 0.38 and 0.39) samples were prepared by
htihg the constituent elements with purities better than 99.9% in an ultra-high purity argon

atmosphere using an RF-furnace. (MnNiSi)i«(FeCoGe)y exhibits a drastic structural change as it
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Publishipgs through a MST, which results in a structural breakdown of the bulk sample into a powder.
This powder sample is nothing but the polycrystalline grains of the bulk (MnNiSi)i.«(FeCoGe)x
intermetallic compound as it maintains its physical properties after breakdown. Since the MST is
above room temperature (7m = 338 K at P = 0) for the composition(dith x = 0.38, the as-cast
sample was in powder form. However, the as-cast sample was in ul‘ﬁorm r the composition
with x = 039 (Tm ~ 300 K) and structural breakdown N after thermal cycling
(below/above Tw). The as-cast samples were annealed 1_12 vacuum for 3 days at 1023 K
followed by quenching in cold water. The phase purities of t}e samples at room temperature
were determined using an X-ray diffractom teL(_Xlﬂ)) employing Cu K, radiation. A
superconducting quantum interference devi&gnet ‘:t—er (SQUID, Quantum Design MPMS)

was used to measure the magnetizatiov\wﬁhikrhe temperature interval of 5-380 K, and in

applied magnetic fields up to 5 T. Ma \et‘er surements under hydrostatic pressure (P) were

performed in a commercial Be{cg;k ical pressure cell (Quantum Design). Daphne 7373 oil

was used as the pressure transmitting medium. The value of the applied pressure was calibrated
by measuring the shift o%erconducting transition temperature of Pb used as a reference
manometer (Pb I?Ia% )émperature Tc~ 7.19 K at ambient pressure) [31]. The isothermal
entropy chan ms{due to the magnetocaloric effect were estimated from the isothermal

magnetization rves [M(uH)] wusing the integrated Maxwell relation, ASycg =

V.
foﬂoH a;ﬁH ‘uso

easuregn System (PPMS by Quantum Design) in a temperature range of 2-358 K.

Zero-field heat capacity was measured using a Physical Properties

'G$lor ric measurements with and without the application of hydrostatic pressure were carried
~

out employing a purpose-built calorimeter as described in Ref. [6]. The transition entropy change
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Publishi@gfzrenced to the low-temperature phase at To) was estimated from the calorimetric curves using

the relation

.
AS.(T,P) = S(T,P) — S(T,, P) = %@dT

Ty T/

where Q(P) and T are the heat flux and temperature rate, respecti elsj Dire¢t measurements of

the adiabatic temperature change on the fast release of hydrostatic ‘pressure were performed

following the procedure described in Ref. [32]. The a
.
pressurization of the sample was carried out usinglan arlsth r purpose-built set-up. The

' meperature change during

temperature was measured with a type-J thermocouple that was embedded in a mixture of the

powdered sample and a pressure transfer medi&r\ang(ﬁfre of methanol and ethanol with a ratio
r

of 4:1). The sample was pressurized to P. >>kb@ irabout 30 s, and the temperature data were
s
recorded every 0.04 s. The adiabatic eratusg change was estimated from the zero-field heat
capacity data and the ASy(7,P) curvg&\'\n;Ref. [7].
(MnNiSi)1«(FeCoGe)x e%'\'wl\&*&large MCE over a wide temperature range (255 K <7<
338 K) by varying the caficentration in a narrow interval (0.38 < x < 0.41), which shifts 7m [24].
In the current study£ we selected a composition (x = 0.38) with the transition temperature 7wm
above room temz}&{( =338 K at P = 0), since the MST shifts to lower temperature (i.e.,
closer to roem*“tgmperature) with increasing pressure. The temperature dependent magnetization
data for _9 a/nd /9 T applied magnetic fields, and for different applied hydrostatic pressures
(ungl_i&%% 0.1 T), are shown in Fig. 1(a). Calorimetric curves for different hydrostatic
pk@syre shown in Fig. 1(b). The opposite shifts in the MST with applied pressure (negative
%-@f Twm) and magnetic field (positive shift of 7m) are associated with the stabilization of the
high-temperature, low-volume hexagonal phase with pressure and the low-temperature

ferromagnetic orthorhombic phase with magnetic field, respectively. These opposing effects of

5
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Publishipug:sure and magnetic field on the magnetocrystalline coupling are responsible for the inverse
BCE (positive isothermal entropy change upon applying/increasing pressure) and conventional

MCE (negative isothermal entropy change upon applying/increasing magnetic field),

respectively. /
The endothermic peaks in the heating cycle of the differe ia@cam\g calorimetry data
nt

(Fig. 1(b)) are a measure of the latent heat of the transition. The late at at ambient pressure,
calculated as the area beneath the heating curve, is equal to&kg-@l 52 J/cm®) and corresponds
to a transition entropy change of ASt = 62 J/kg K (4 mJ/cSn3 K). Changes in the pressure
dependent transition entropy as a function of te pgna.ture‘jwre calculated from the calorimetric

| -
curves and shown in Fig. 2. Interestingly, tw ansition entropy change increases from

about 62 + 2 to 74 £ 4 J/kg K with increk'\nnngrjiure, i.e., a difference of about 12 J/kg K= 88

mJ/cm? K as P goes from 0 to 2.7 kb \lﬁe\tr sition temperature shifts to lower temperature

with increasing hydrostatic pre%\aﬁt of d7m/dP =—7.5 £ 0.5 K/kbar (see the inset of Fig.

2).

The temperatu e%nce of the pressure-induced entropy change (ASsce) was
calculated from t 4&@1}6 etween the transition entropy curves (Fig. 2) at pressures P
(AS(T.,P)) an@\O\hS&(T ,0)). The results shown in Fig. 3(a) indicate a large inverse BCE near

room temperatures Notably, ASsce increases with increasing pressure up to the highest applied
£

pressufe,«and“its élaximum value is significantly larger than the transition entropy at ambient

pqﬂi Sté‘,O) = 62 J/kg K). The maximum value of ASg¢g” at P = 2.7 kbar is 74 £ 4 J/kg K

with“a reversible change of 57 + 4 J/kg K calculated as the overlap of the entropy curves on

~
heating and cooling. For devices it is desirable to have the largest possible entropy change in the

smallest possible volume and, therefore, it is useful to compare materials based on entropy
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Publishiaghsity [4]. The BCE in terms of entropy density for (MnNiSi)i-«(FeCoGe)x with x = 0.38 (540 +
4 mJ/cm® K for P = 2.7 kbar) exceeds values reported for the best performing materials as
summarized in Table 1. The relative cooling power (RCP = |ASEEE x(FWHM of ASsce(7)))) is

another important parameter used to estimate the applicability of, am\ate:al for solid-state
00J

cooling. Calculated from the ASBce(7) curves in Fig. 3(a), the RC is}

= 2.7 kbar (see the inset of Fig. 3(a)). ‘)\

The important feature that renders (MnNiSi)1_x(FeQ_£) . a multicaloric system is that it

g (11 J/cm?®) for P

also exhibits a large magnetocaloric (magnetic-field-1 uce(b effect at the same transition

responsible for the large BCE. The field-induce isgsherma entropy change (ASmce) is —58 J/kg
-

K (or —425 mJ/cm?® K) for a field chanfw = 5 T (Fig. 3(b)) as calculated from

magnetization isotherms using a Maxwé\ n. The value of ASmce was also determined
using the Clausius-Clapeyron qX'O\ “following Ref. [34], [AA—; = —%% AS ~ —
(AM /AT)poAH ] resulting in MQ&K J/kg K for uoH =5 T (AM = 68 A m*kg and AT = 6
K for woH = 5 T). Thisv likmparable to or larger than those reported for the best
magnetocaloric materi s%?\bo date (see Table I).

In order tg full /harécterize the BCE, the adiabatic temperature change must also be
known. We av%neas d the pressure-induced adiabatic temperature change (A7Bce) upon
compression and ompression, and also estimated it using heat capacity data. An indirect
methdd to esg te ATsce following Ref. [7] is to use zero-field heat capacity data (inset of Fig.
4(a)) and AS(T,P) curve (Fig. 2), giving |AT|sce = 16 K for P = 2.7 kbar as shown in Fig.
4%) sistent with the 20 K shift of the transition temperature for this applied pressure).

~

Just as the indirect methods likely overestimate ATsce, direct measurements

underestimate it due to non-adiabatic conditions that result in heat flow to and from the


http://dx.doi.org/10.1063/1.5011743

! I P | This manuscript was accepted by Appl. Phys. Lett. Click here to see the version of record. |

Publishigigioundings. In our case, direct decompression measurements (see Ref. [32] for details of the
experimental system) with P = 2.0 kbar resulted in ATsce ~ 3.1 K (Fig. 4(a)). An experimental
set-up was also constructed that measures the direct temperature change on compression using

large sample masses (> 20 g). Compression-temperature measuremefits were conducted on a

material of slightly different concentration, x = 0.39 rather th @8, so“that the transition
occurred near room temperature (the home-built device coxw\n operate above room
temperature). Other than the lower transition temperatureﬁ@?@& K), the material with x =
0.39 behaved nearly identically to that with x = 0.38. The AT éps value on compression for the
sample with x = 0.39 was greater than —4.3 K or(QZ 2"5 kbar at T = 295 K, confirming the
negative temperature change on compression W ilI.l:/erse BCE. In both cases, compression

and decompression, the values of ATscE %rable to the magnetic-field-induced adiabatic

temperature changes reported for giant }g?qt\(: loric materials with o =2 T (Table I).
Because of the powder foﬁ\\% nNiSi)i«(FeCoGe)y it is difficult to determine the
magnetic-field-induced ATmce acm by employing direct measurements, or indirectly using
field-dependent heat ca ity})a. In the future, a noncontact method using a pulsed magnetic
field could be imp ntéd ‘9 termine A7wmce as proposed in Ref. [35]. However, the shift in

Tm by 6 K for ,uoH& indicates that a ATmce ~ 2.4 K could be expected for uoH =2 T. As

shown in Eig. , an increase in the width of the working temperature range, i.e., an effective

increase.. in e/cooling efficiency, is possible by applying a magnetic field during
depressugization and vice versa. In other words, the range increases if both pressure and
m eticSﬁeld can be implemented in a cooling cycle, and the temperature changes due to the

wE‘and BCE may be added [15]. Alternatively, application of a magnetic field during

compression will reduce the effective hysteresis [16] and hence enhance the reversibility of the
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PublishiBE? (i.e., decrease of the applied pressure needed for a cooling cycle). For instance, given the
hysteresis of ~15 K, the reversible BCEs will be achieved above P ~ (15 K)/(d7m/dP) ~ 2 kbar

(where |(d7w/dP)| = 7.5 K/kbar) [36]. The application of a 2 T magnetic field together with

hydrostatic pressure will effectively decrease the required pressure to gRserve reversible BCE by

about 0.4 kbar by reducing the thermal hysteresis of by ~3 K (hi wl@led 1

where multicaloric materials may have a large impact. ‘)\

In summary, (MnNiSi)1.(FeCoGe)x (x = 0.38) e h‘iEl botha large BCE and MCE near

Fig. 4(b)). This is

room temperature that are comparable with or exceed the best multicaloric materials known so

far. The combined caloric effects could be %ﬁed‘)o optimize the solid-state cooling
| -

efficiency desirable for practical applica$ stingly, the transition entropy change

increases with pressure, which is an feature among magnetostructural alloys and

compounds that leads to an enhancem N&l barocaloric effect above the transition entropy
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PublishiBrigure Captions:
Fig. 1(a) Temperature dependence of the magnetization (M) with woH = 0.1 T for different
applied hydrostatic pressures (P) and at ambient pressure for (MnNiSi)i«(FeCoGe)x (x = 0.38)

(left axis). M(T) for 5 T applied magnetic field (Red line and symb Kjeﬁ:rred to the right
e an

axis. The dotted arrows indicate the shifts of the transition with p es@) agnetic field. (b)

Calorimetric heat flow curves (dq/dT) for selected values of hydrostatic pressure.
Fig. 2 Pressure dependent transition entropy as a function o zmﬂture. Entropy change (ASt)
_-—

relative to the low-temperature phase for selected applie hydr%tatic pressures (P). From left to

right, the curves correspond to 2.7, 2.4, 2.1, 1.9, .&L‘Z,‘\j, 0.8, 0.5, and 0 kbar. The error bars

7 -
are shown for the maximum pressure (+ 4 J/Rg K) akd for normal pressure (+ 2 J/kg K). The

error bars for the remaining curves are %9 for that at the highest pressure. The inset

shows the temperature shifts in the p ﬁ?»ofgt e calorimetric curves as a function of applied

Fig. 3 Entropy changes associated ‘with (a) barocaloric and (b) magnetocaloric effects with the

application of pressure

for the maximum ?C

the relative co “SM (RCP = |ASEEE <(FWHM of ASsci(7))|) as a function of pressure. The

t;).)kbar and magnetic fields up to 5 T, respectively. The error bar

K) is shown and is valid for any pressure. The inset of (a) shows

error in th€ RCPYgt 4 J/kg for the maximum pressure and is valid for any pressure. No error

bars afe"Show s(hey are smaller than the symbol size.

Fig. 4(a adiabatic temperature change upon depressurization from 2 kbar to atmosphere

rig x)s), and the same estimated from zero-field heat capacity data (left axis). The heat
~

capacity as a function of temperature is shown in the inset. (b) The pressure-induced entropy

change for P = 2.7 kbar and the magnetic-field-induced change for woH = 2 T plotted to illustrate

13
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Publishithg potential extension of the width of the entropy versus temperature curve that might be

realized by a cooling cycle that employs both hydrostatic pressure and magnetic field.
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AP

PublishiTEBLE 1. Materials exhibiting giant multicaloric effects at first-order phase transitions
mciuding (MnNiSi)i«(FeCoGe)x with x = 0.38 (present work). Isothermal entropy change |AS],
adiabatic temperature change |A7], and relative cooling power RCP, due to changes of
hydrostatic pressure P (barocaloric, BCE) and magnetic field uoH (magnetocaloric, MCE).
Entries inside curly brackets {...} were derived from direct measurements. “Data acquired from
hydrostatic decompression measurements. Data acquired from hydrostatic compression
measurement using a slightly different concentration x = 0.39. ’?Mta derived from direct
measurement by pressurizing the sample using a hydraulic press. Entriesuinside round brackets
(...) denote parameters derived from —cAT = TAS using zero-fiel he? capacity data. Entries in
italic font signify data derived from quasi-direct measurement\ata was available for the

dashed entries. The mass density is p.

-
Materials T |AS]|BcE |AT]sce | RCP P |ASmce N ATmce | RCP | woH P References
K mJ/cm® K K J/em® | kbar | mJ/em’K “Jem® T g/em?
Niso26Mnsoslniaes | 293 200 (4.5) 1 2.6 82l a3 | 03 0.94 8.2 [6]
GdsSi,Ge, 270 82.5 {1.1}" 1 29° 120, @ | 096 2 7.5 [1,32]
LaFe,;33C0047Si12 | 237 63.5 (2.2)° 1.3 2.0° 76 ) 5 73 [33]
7~ (09 | 033 1
FesoRhs) 308 123.5 (8.1) 1 11 % 1o [ 2.5 2 9.8 [11,12]
MnCoGegoolnge, | 308 413 (18.5) 9.5 3.0 4 s 1 @2y 0.63 2 7.95 [10, 20]
{9.4}* 300 1N A
Mn;GaN 285 170 (4.8) 1.5 139 | N - - - 7.6 [7]
(NH,),SO,4 219 106 8) 05 |4 1. - - - - 1.8 [8]
(MnNiSi)oe(FeCo | 338 538 3.1y : 152 (24) 0.9 2 73 Present
GC)(]_}g {43}1‘ & 2.5 work
(16) 11
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