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The isostructural alloying of two compounds with different magnetic and thermo-structural

properties has resulted in a new system, (MnNiSi)1�x(FeCoGe)x, that exhibits large magnetocaloric

effects with acute sensitivity to both compositional variation and applied hydrostatic pressure. The

maximum isothermal entropy change reaches a value of �DSmax¼ 143.7 J/kg K for a field change

of DB¼ 5 T at atmospheric pressure. The first-order magnetostructural transition responsible for

the entropy change shifts to lower temperature with applied hydrostatic pressure (��10 K/kbar)

but maintains a large value of �DSmax. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4916339]

I. INTRODUCTION

In recent years, considerable attention has been devoted

to studies of Mn-based MnTX (T¼Co, Ni and X¼Ge, Si)

systems due to their temperature-induced magnetostructural

transitions (MSTs) that result in shape memory phenomena,

giant magnetocaloric effects (MCEs), and volume anomalies

near room temperature.1–9 Some also behave as strongly cor-

related electron systems in the proximity of a noncollinear

ferromagnetic state.10 In particular, the coincidence of

magnetic and structural transitions near room temperature,

accomplished by properly tuning the stoichiometry and

chemical composition, often results in large MCEs, making

these systems of great interest in the field of magnetocalorics.

MnTX is a class of materials that exhibits different kinds

of magnetic structures depending on composition, such as

collinear ferromagnetic structures (in MnCoGe), spiral anti-

ferromagnetic structures (in MnNiGe), noncollinear helical

antiferromagnetic structures (e.g., CoMnSi), and so on. The

above mentioned systems show second order magnetic tran-

sitions near room temperature. However, stoichiometric

MnNiGe, MnCoGe, and CoMnSi systems undergo marten-

sitic structural transitions from a low-temperature TiNiSi-

type structure to a high-temperature hexagonal Ni2In-type

structure in the paramagnetic state.

Considerable attention has been given to the MnCoGe

and MnNiGe-based systems in the context of magnetocaloric

effects due to their closely spaced magnetic and structural

transitions, and the potential to couple them near room

temperature by changing the stoichiometry, chemical substi-

tution, or by applying pressure. However, the MnNiSi

compound undergoes a structural transition from a

low-temperature orthorhombic TiNiSi-type structure to a

high-temperature hexagonal Ni2In-type structure at an

extremely high temperature of about 1200 K in the paramag-

netic state, and undergoes a second-order ferromagnetic tran-

sition at TC¼ 662 K.11,12 It is important to tune the coupled

transition (and therefore the operating temperature of the

MCE) so that it occurs near room temperature, a feat that, in

this case, could not be accomplished with a single-element

substitution. As an alternative substitution strategy, MnNiSi

was alloyed with isostructural FeCoGe (having a stable hex-

agonal Ni2In-type structure and TC� 370 K (Ref. 13)), which

stabilized the hexagonal Ni2In-type phase by sharply reduc-

ing the structural transition temperature from 1200 K in

MnNiSi to less than 300 K in (MnNiSi)1�x(FeCoGe)x. A sim-

ilar type of scheme was previously employed to position the

MST near room temperature by substituting FeNiGe and

MnFeGe in MnNiSi.4,14 Hexagonal FeCoGe was also

selected for another reason: it exhibits a large saturation

magnetization (MS� 2 lB).

A strong coupling of magnetic and structural degrees of

freedom often results in large MCEs, as observed in many

well-known magnetocaloric materials in the vicinity of a mag-

netostructural transition, and is accompanied by changes in

crystal symmetry or volume. A large structural entropy change

associated with a significant volume change due to the struc-

tural transition can enhance the total entropy change in MnTX

systems in comparison to other well-known giant magneto-

caloric materials. Pressure is a controllable external parameter

that can affect the structural entropy change of a system and,

as a result, a pressure-induced modification of magnetocaloric

properties could be expected in some MnTX systems. Recent

reports on hydrostatic-pressure studies also indicate the possi-

bility of applying pressure to improve the magnetocaloric prop-

erties by demonstrating a large isothermal entropy change.14–16

Here we report a system, (MnNiSi)1–x(FeCoGe)x,

for which applied hydrostatic pressure, as well as minor
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variations of composition, shifts the temperature of the

coupled MST responsible for the MCE. A large tunable

MCE has been observed in this system over a wide tempera-

ture range spanning room temperature.

II. SAMPLE PREPARATION AND CHARACTERIZATION

Polycrystalline (MnNiSi)1�x(FeCoGe)x (x¼ 0.37, 0.38,

0.39, and 0.40) samples were prepared by arc-melting the

constituent elements of purity better than 99.9% in an ultra-

high purity argon atmosphere. The samples were annealed

under high vacuum for 3 days at 750 �C followed by quench-

ing in cold water. Temperature-dependent X-ray diffraction

(XRD) measurements to determine the crystal structures of

the samples were conducted on a Bruker D8 Advance dif-

fractometer using a Cu Ka1 radiation source (k¼ 1.54060 Å)

equipped with a LYNXEYE XE detector. Rietveld refine-

ment was used to determine unit cell volumes and phase

fractions above and below the phase transition temperatures

using TOPAS. A superconducting quantum interference

device magnetometer (SQUID, Quantum Design MPMS)

was used to measure the magnetization (M) of the

(MnNiSi)1�x(FeCoGe)x samples within the temperature

interval of 10–400 K, and in applied magnetic fields (B) up

to 5 T. Magnetic measurements under applied hydrostatic

pressure (P) were performed in a commercial BeCu cylindri-

cal 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 of the

superconducting transition temperature of Pb which was

used as a reference manometer (Pb has a critical temperature

TC� 7.19 K at ambient pressure).17

III. EXPERIMENTAL RESULTS AND DISCUSSION

The temperature dependent XRD patterns of

(MnNiSi)1�x(FeCoGe)x with x¼ 0.40 are shown in Fig. 1.

The observed hexagonal Ni2In-type crystal structure at

290 K indicates that the substitution of FeCoGe in

(MnNiSi)1�x(FeCoGe)x stabilizes the high-temperature

hexagonal phase at a much lower temperature than that of

the parent MnNiSi. An orthorhombic TiNiSi-type structure

was detected at lower temperature (270 K) with traces of the

hexagonal phase. These results indicate that the structural

transition temperature decreases drastically by isostructurally

alloying MnNiSi with FeCoGe.

The magnetization (M) as a function of temperature (T)

data for (MnNiSi)1�x(FeCoGe)x, at ambient pressure as well

as under the application of hydrostatic pressure, measured

during heating and cooling in the presence of a 1 kOe mag-

netic field, are shown in Fig. 2. The sharp change in magnet-

ization in the vicinity of the phase transition indicates a

magnetic transition from a high-temperature paramagnetic

(PM) state to a low-temperature ferromagnetic (FM) state.

The thermal hysteresis between heating and cooling curves

indicates that the magnetic and structural transitions coin-

cide, leading to a single, first-order MST (at TM) from a low-

temperature orthorhombic FM state to a high-temperature

hexagonal PM state. TM shifts to lower temperature with

increasing substitution of hexagonal FeCoGe while main-

taining the coupled nature of the MST. The MST in the

(MnNiSi)1�x(FeCoGe)x compounds remains coupled for

0.37� x� 0.40, but spans a large temperature range of

235 to 355 K.

The application of hydrostatic pressure (P) has an effect

that resembles that of increasing the concentration (x) of

FeCoGe, shifting the MST to lower temperature by about

�10 K per kbar of applied pressure (dTM/dP��10 K

kbar�1). In the orthorhombic crystal structure (Fig. 1), reduc-

ing the lattice parameter aortho distorts the geometry of the

crystal structure in orthorhombic MnNiSi, resulting in a sta-

bilization of the hexagonal structure.18 Since the orthorhom-

bic lattice parameter aortho is equivalent to the hexagonal

lattice parameter chex (i.e., aortho¼ chex), a decrease in the c/a
ratio tends to stabilize the hexagonal structure. As a result,

the structural transition temperature decreases with

FIG. 1. XRD patterns for x¼ 0.40 measured at temperatures immediately

above and below the magnetostructural transition. The Miller indices of the

high-temperature hexagonal and low-temperature orthorhombic phases are

designated with and without an asterisk (*), respectively.

FIG. 2. Temperature dependence of the magnetization (M) in the presence

of a 0.1 T magnetic field (B) during heating and cooling (direction indicated

by arrows) for (MnNiSi)1�x(FeCoGe)x as measured at ambient pressure

(solid lines) and at different applied hydrostatic pressures (broken lines).
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increasing x in response to the reduction of the c/a
ratio induced by the substitution of FeCoGe in

(MnNiSi)1�x(FeCoGe)x.

The shift in TM with application of pressure is likely

associated with a pressure-induced distortion of the ortho-

rhombic lattice that increases the stability of the hexagonal

phase. The similar response of TM to both chemical substitu-

tion and applied hydrostatic pressure suggests the same phys-

ical origin of the temperature shift: chemical and physical

pressures are closely related. From the pressure-induced shift

in TM, and the volume change through the MST as deter-

mined from temperature-dependent XRD, we estimated the

equivalent average compressibility per unit substitution of

FeCoGe to be approximately 7.93� 10�11 Pa�1.

As estimated from magnetization isotherms (Fig. 3(a)

shows representative data for x¼ 0.4) using the integrated

Maxwell relation, �DS ¼
Ð B

0
@M
@T

� �
B
dB, the material exhibits

a large isothermal entropy change (�DS) in the vicinity of

the MST (Fig. 3(b)). Specifically, the x¼ 0.40 compound has

a �DSmax¼ 143.7 J/kg K for a field change of DB¼ 5 T,

which is about 63% of theoretical limit �DSmax
th

¼ nRlnð2Jþ 1Þ¼ 228.4 J/kg K, where J is the total angular

momentum of the magnetic ions, R is the universal gas con-

stant, and n is the number of magnetic atoms per formula

unit. The experimental results are summarized in Table I

along with related parameters for other well-known giant

magnetocaloric materials.

With the application of hydrostatic pressure, the peaks

in the �DS(T) curves shift to lower temperatures at a rate of

about dTM/dP��10 K/kbar, but the MCE remains robust

over the temperature ranges shown (Fig. 3(b)). Since the

large MCE is preserved in (MnNiSi)1�x(FeCoGe)x as the

MST shifts in temperature with applied pressure, an

improvement of the effective “relative cooling power

(RCP)” of the material can be realized. The RCP, which is

the measure of the amount of heat transfer between the cold

and hot reservoirs in an ideal refrigeration cycle, is defined

as RCP¼ j�DSmax� dTFWHMj, where dTFWHM is the full-

width at half-maximum of the �DS vs. T plot. Therefore a

good magnetic refrigerant material, i.e., one having a large

RCP, requires not only a large value of �DSmax but also a

wide �DS(T) curve. Most other well-known giant MCE

materials undergo first-order transitions, resulting in large

values of �DSmax, but occur over a narrow temperature

range, making them impractical for applications in most

instances. One way to overcome this problem is to form

composites of multiple first-order materials with MCEs in

different temperature ranges, increasing the effective value

of dTFWHM, but decreasing the average �DSmax (as normal-

ized by the total mass of material). However, a more effec-

tive strategy could be to take advantage of the sensitivity

of the transition temperature to applied hydrostatic pressure

(�10 K/kbar). This is about 2 times higher than MnNiGe

(�5.4 K/kbar).26

In a theoretical work, it has been suggested that the

effective refrigeration capacity of a material undergoing a

first-order magnetic phase transition can be improved by

applying hydrostatic pressure while simultaneously varying

the applied magnetic field.27 In essence, this means that the

FIG. 3. (a) The isothermal magnetiza-

tion curves for x¼ 0.40. The arrows

indicate the direction of the field

sweep. (b) The isothermal entropy

change (�DS) as a function of temper-

ature were estimated using a Maxwell

relation for magnetic field changes of

DB¼ 5 T (upper curves) and 2 T (lower

curves), measured at ambient pressure

(solid lines) and at different applied

hydrostatic pressures (broken lines).

The “star” symbols inside each

�DS(T) curve represents the corre-

sponding total entropy change esti-

mated by employing the Clausius-

Clapeyron equation for DB¼ 5 T. A

linear fit of these values, intended as a

guide to the eye, is indicated by a black

dotted line. (c) Heating thermomagne-

tization curves for applied fields

B¼ 0.1 and 5 T used to estimate the

value of �DS for x¼ 0.39 using the

Clausius-Clapeyron equation.
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effective width of �DS(T) increases by an amount equal to

the temperature shift in the �DS(T) peak with pressure.

Therefore, together with the magnetic field, the observed

pressure-induced shift in the MST may facilitate an increase

in the effective refrigeration capacity in this system. If this

pressure-field operation were applied to the sample with

x¼ 0.39, the effective RCP would be enhanced by a factor of

almost 15 relative to the ambient-pressure value (DP¼ 3.69

kbar and DB¼ 5 T). Interestingly, in this case, the effective

temperature range spans room temperature through the freez-

ing point of water (for P¼ 0 and P¼ 3.69 kbar, respec-

tively), which may be ideal for certain cooling applications.

Two things should be noted here. First, strictly defined, this

is not the barocaloric effect (although this system may ex-

hibit the barocaloric properties). Second, this so-called

enhanced effective RCP has not been measured

experimentally.

The structural entropy change (�DSst) associated with

the volume change DV has been estimated (for x¼ 0.40) by

employing the Clausius-Clapeyron equation, DSst

¼ �DV dTM

dP

� ��1

. The relative volume change DV
V � 2.85%

was determined from temperature-dependent XRD measure-

ments made just above and below the MST (Fig. 2). The cor-

responding structural entropy change is �DSst¼ 38.7 J/kg K,

which is about one-fourth of the total entropy change.

The Clausius-Clapeyron equation is considered to be

more reliable than the Maxwell relation for calculating the

entropy change near first-order transitions. Applying the

Clausius-Clapeyron equation following Ref. 28, [ DS
DM ¼ dB

dT
� DS ¼ ðDM=DTÞDB], for x¼ 0.39 (Fig. 3(c)) we obtain

�DSmax� 70.7 J/kg K (DB¼ 5 T) compared to 143.7 J/kg K

using Maxwell relation. Representative data for one sample

(x¼ 0.39) used to estimate �DSmax using the Clausius-

Clapeyron equation are shown in Fig. 3(c). Interestingly, the

values of �DSmax as estimated employing the Clausius-

Clapeyron equation varies only moderately with composition

as well as applied pressure. These values are comparable to

those of other well-known MCE materials.

IV. SUMMARY

We have shown that combining two isostructural

compounds with different magnetic and thermo-structural

properties can result in new systems that possess magneto-

structural transitions with acute sensitivity to applied pres-

sure and compositional variation. The magnetic compound,

(MnNiSi)1�x(FeCoGe)x, represents a new class of room-

temperature magnetocaloric materials that exhibits large,

tunable magnetocaloric effects, and fit many criteria for

magnetocaloric materials sought for devices, including: (i)

negligible magnetic hysteresis losses; (ii) composed of non-

toxic, abundant materials; and (iii) straightforward and

repeatable synthesis processes. The characteristic that makes

these new materials promising, however, is their sensitive

response to applied hydrostatic pressure, which provides a

means to optimize the magnetocaloric effect at any tempera-

ture within its active range.
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