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Magnetocaloric effect is the phenomenon that temperature change of a magnetic material is induced by
application of a magnetic field. This effect can be applied to environmentally-benign magnetic refrigeration
technology. Here we show a key role of magnetic-field-induced structural instability in enhancing the
magnetocaloric effect for MnCo, _,Zn,Ge alloys (x = 0-0.05). The increase in x rapidly reduces the
martensitic transition temperature while keeping the ferromagnetic transition around room temperature.
Fine tuning of x around x=0.03 leads to the concomitant structural and ferromagnetic transition in a
cooling process, giving rise to enhanced magnetocaloric effect as well as magnetic-field-induced structural
transition. Analyses of the structural phase diagrams in the T-H plane in terms of Landau free-energy
phenomenology accounts for the characteristic x-dependence of the observed magnetocaloric effect,
pointing to the importance of the magnetostructural coupling for the design of high-performance
magnetocalorics.

external stimuli, thereby expanding the horizon of exotic materials functions. One such example is the

magnetoelectric response in multiferroic materials?, in which magnetic control of polarization and
electric reversal of magnetization have recently been demonstrated®®. Another example of the cross-correlation
between different degrees of freedom is the magnetostructural coupling, which gives rise to a rich variety of
phenomena, such as colossal magnetoresistance (CMR)®, field-induced structural transitions”, and gigantic
magnetocaloric effects'*"?, etc.

Among these phenomena, the magnetocaloric effect has recently attracted much attention due to the anti-
cipation of application to the magnetic refrigeration technique which is environmentally-benign and can be
alternative for the gas-compression-based refrigeration. One of the strategies to enhance the magnetocaloric
effect, or equivalently the isothermal entropy change AS (= S(T,H) - S(T,H=0)) upon the application of magnetic
field (H), is to combine the lattice degree of freedom with the magnetic one, and to gain the entropy release not
only from the magnetic but also from the lattice degree of freedom, associated with the concomitant transition.
This principle has been pointed out to be effective for several materials showing a first-order magnetostructural
transition, such as GdsGe,_,Si,"*"* and MnAs".

Intermetallic alloys as derived from MnCoGe through chemical modifications are known as another class of
materials that show gigantic magnetocaloric effect'*. Pristine MnCoGe compound exhibits a martensitic
transformation at around 500 K from a high-temperature hexagonal structure (Fig. 1(a)) to a low-temperature
orthorhombic structure (Fig. 1(b))*’. In the orthorhombic phase, the compound undergoes a ferromagnetic
transition at around 340 K, and a neutron diffraction measurement indicates that the values of saturation
moment are 2.9 = 0.1 and 0.9 = 0.2 up for Mn and Co sites, respectively, which couple ferromagnetically™.
Large magnetocaloric effects have been reported upon partial substitution of several elements for each site'>*.
Especially, Zn doping effect at Co site was recently investigated*?, and gigantic values of magnetocaloric effect was
reported. However, only intermediate and heavily-doped regions were investigated and it has remained elusive
how the magnetocaloric response is enhanced by the coupling between magnetic and structural degrees of
freedom as the initially distinct two transitions are merged into a single transition. It also remains unclear
how the lattice system responds to magnetic field as the relation between structural and magnetic transition
temperatures are tuned systematically. In this Article, we reveal, based on extensive investigations on
MnCo,; —,Zn,Ge with finely controlled Zn concentration including lightly doped materials, that the lattice

C ross-coupling between different degrees of freedom often leads to non-trivial material responses to
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Figure 1| Magnetic- and structural-phase-diagram. Schematic figure of the (a) hexagonal and (b) orthorhombic structure of MnCoGe as viewed along
the same spatial direction. Dashed lines indicate unit cells for the respective structures. The directions of crystal axes are indicated with

conventional hexagonal and orthorhombic settings, respectively. (c) Magnetic and structural phase diagram of MnCo, —,Zn,Ge. The hatched area
indicates the thermal hysteresis related to the structural transition. Ts" and Ts¢ denote structural transition temperatures on heating and cooling,
respectively. T indicates ferromagnetic transition temperature on cooling. (d) Contour plot of the magnetocaloric effect, or equivalently isothermal
entropy change (-AS), of MnCo; —,Zn,Ge for a field change from 0 T to 5 T which was measured in the cooling run.

structure is controllable with H and that the conspicuous enhance-
ment of the magnetocaloric effect is observed as the structural instab-
ility is tuned to the ferromagnetic one around room temperature
(Figs. 1(c) and (d)). To understand the physics behind the enhanced
magnetocaloric effect, the magnetostructural phase diagram was
analyzed in terms of Landau free energy, and we found an intimate
correlation between magnetocaloric effect and the phenomeno-
logical magnetostructural coupling strength. In addition, both the
magnetocaloric values and magnetostructural coupling parameters
are found to exhibit characteristic asymmetric x-variation between
lightly-doped and heavily-doped regions, depending on the relation
between structural and magnetic transition temperatures.

Results

In Fig. 2(a), we show the temperature dependence of magnetization
of selected samples of MnCo; —,Zn,Ge below 400 Kin H =1 T.In
this temperature range, undoped compound possesses orthorhombic
structure, and exhibits the ferromagnetic transition at Tc = 327 K
with a low-temperature saturation moment of 4.2 ug/f.u. in accord
with a previous report®. As the partial substitution of Zn proceeds,
the temperature dependence of magnetization exhibits hysteresis
behavior for x = 0.03 while ferromagnetic transition temperature
T remains almost unchanged at around 300 K. As shown below, the
hysteresis in the magnetization corresponds to the structural trans-
ition, thus the structural transition temperature is rapidly reduced as
x is increased. For x=0.03, its structural transition temperature (7s°)
in the cooling process coincides with T, giving rise to a first-order
coupled magnetic and structural transition. In the heating process,

Tc occurs first, followed by the structural transition (Ts"). Both the
x=0.04 and 0.05 compounds exhibit ferromagnetic transitions at
around 285 K in the hexagonal phase, and structural transitions
occur at lower temperatures (T and Ts") than T¢. This observation
is most clearly evidenced for x=0.04 by the temperature dependence
of normalized X-ray diffraction intensity of the hexagonal phase
which is also plotted in Fig. 2(a). The structural transition from the
high-temperature hexagonal phase to the low-temperature ortho-
rhombic phase is accompanied by an increase in magnetization, as
clearly observed for ferromagnetic alloys with x=0.04 and 0.05. In
the case of paramagnetic phase for x=0, the structural transition
manifests itself in the temperature dependence of magnetization as
tiny temperature hysteresis between Ts"~570 K and Ts*~480 K
(not shown). The structural transition temperatures Ts" and Ts® for
x=0.02 lie above T as well, while the alloy in the orthorhombic
phase undergoes the ferromagnetic ordering at T¢c = 326 K.

The structural transition temperatures for x=0.04, as estimated
from the changes in the normalized X-ray diffraction intensity Iy/(Io
+ Iy) during heating- and cooling-runs shown in Fig. 2(a), are
found to coincide well with the position of temperature-hysteresis in
magnetization data as defined by the maxima in its temperature-
derjavative. The structural transition temperatures in the absence of
magnetic field were also confirmed by differential scanning calorimetry
method. For 0.025 = x = 0.035, while a coupled magnetic and struc-
tural transition is realized on cooling, the magnetic transition occurs at
a lower temperature than the structural transition on heating. Based on
these temperature-dependent structural and magnetic data, we con-
structed the phase diagram of MnCo; —,Zn,Ge, as shown in Fig. 1(c).
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Figure 2 | Magnetization and magnetocaloric effect. Temperature
dependence of (a) magnetization at H=1 T and (b) magnetocaloric effect
(-AS) for a field change from 0 T to 5 T for selected samples of

MnCo, —,Zn,Ge. Also shown for x=0.04 in (a) are temperature
dependence of normalized intensity I/(Io + Iy) = I"[110)/(I°[211) +
I(110))> where I"[110) and I°[511) are the intensities of [110] and [211] X-ray
diffraction peaks of hexagonal and orthorhombic phases, respectively,
measured in a heating run (closed triangle) and in a cooling run (open
circle) under zero magnetic field. The black, green and brown arrows
indicate the magnetic transition (T¢) in cooling process, structural
transitions in cooling (Ts°) and heating (Ts") processes, respectively.

As clearly seen in this phase diagram, the structural transition
temperature can be significantly and systematically reduced by
increasing x. This rapid reduction of the structural transition tem-
perature may be accounted for in terms of the difference in electro-
negativity of Co and Zn; Doping a less-electronegative ion at Co site,
or a more-electronegative ion at Mn site, should lead to a stronger
Mn-Mn bond, thereby reducing the martensitic structural transition
temperature, similar to the case of MnNiGe**. (We note that Co and
Zn have Pauling-electronegativity of 1.88 and 1.65, respectively.) On
the basis of the relationship between the structural and magnetic
transition temperatures, the whole phase diagram can be considered
as consisting of three different x-regions. In the first x-region of 0 < x
= 0.02, the structural transition temperature remains higher than the
magnetic transition temperature T, and rapidly decreases with
increasing x. In the second x-region of 0.025 = x = 0.035, a con-
comitant structural and magnetic transition occurs in the cooling
run, and this temperature remains nearly constant irrespective of x-
values, suggesting a strong coupling between the lattice and magnet-
ism. Associated with this magnetostructural clamping behavior, a
significant reduction of structural-hysteresis is also observed. In
the third x-region of 0.04 = x = 0.05, the clamping between struc-
tural and magnetic transitions is released and the structural trans-
ition temperatures, Ts" and T, become lower than Tc.

Given the global phase diagram from undoped to heavily-doped
regions, we next investigate the magnetocaloric effect of the
MnCo;, —,Zn,Ge alloys. In Fig. 2(b), we show temperature depend-
ence of -AS deduced via Maxwell’s relation from isothermal M-H
measurements that are performed in the cooling run. For x=0.04 and
0.05, -AS shows two-peak structure, higher one corresponding to T¢

and the lower one to T, similar to the previous report™, although the
higher-temperature peak corresponding to T¢ is more pronounced
in our case. On the other hand, -AS for x=0 exhibits a single peak
corresponding to T in this temperature range (Ts°=481 K is out of
the temperature range displayed in Fig. 2(b)). For x=0.02, a very
weak shoulder-like structure is barely discernible at the higher tem-
perature side of the peak at Tc. For x=0.03, the two peaks merge to
give rise to a moderately large -AS value of 11.5 J kg™' K™'. Another
relevant quantity to evaluate the applicability of a magnetocaloric
material is the relative-cooling-power (RCP)**, which is defined as
RCP = -AS,caic X Trwnm, where -ASq,y is the peak-value of -AS and
Trwnm is the full-width-at-half-maximum of -AS curve as a function
of temperature'?, The alloy with x=0.03 exhibits a large RCP value of
305 ] kg™! (with -AS,cai value of 11.5 ] kg™' K™* and Tpwum of
approximately 27 K). We note that this is the largest RCP value
among the MnCoGe-related compounds, in which a smaller value
of Trwam, hence leading to smaller RCP values, has been
observed'”'®*, This value of RCP of the present material is slightly
smaller than some of the most promising magnetocaloric materials,
such as GdsSi,Ge,, Gd, MnFeP 5As, 5, and LaFe;( 4Co,Si; s with
RCP values of 535, 410, 490, and 600 J kg™', respectively'>. Another
point to be noted in Fig. 2(b) that was not revealed in the previous
study? is the asymmetry related to -AS values at Ts5 The -AS value
for x=0.04 at T which is lower than T is clearly larger than that for
x=0.02 at Ts® which is higher than T¢, in spite of the comparable
values of |Ts® - Tc|. Namely, once the magnetic order is established,
the effect of H on the structural transition is significant while much
less in the absence of the magnetic order. The magnetocaloric values
for all the MnCo, —,Zn,Ge materials investigated here are displayed
in Fig. 1(d) as a contour plot. Clearly, the magnetocaloric effect shows
conspicuous enhancement for 0.025 < x < 0.035 with concomitant
magnetostructural transition, and also asymmetric behavior with
respect to this x-region.

To gain more insight into the observed magnetocaloric effects,
we have investigated the H-effect on the structural transitions for
all x members. In Fig. 3(a), we show the temperature-dependence
of magnetization of the x=0.03 alloy for several values of H. As H
is progressively increased, the temperature at which magnetization
begins to increase moves rapidly to the higher temperature. The
values of Tc, Ts\, and Ts" were determined from the temperature-
derivative of magnetization data that are shown in Fig. 3(b), and
plotted in Fig. 3(c). (It should be noted that this method is quite
accurate to estimate the field-dependence of first-order transition
temperature whereas it gives only a rough estimate for a second-
order magnetic transition.) We find that the x=0.03 alloy under-
goes concomitant magnetic- and structural-transition (T¢ = Ts°)
on cooling for all the values of H, while on heating they coincide
with each other only for H = 4 T. For H < 4 T, T¢ appears to be
lower than T¢", which is the origin of non-parallel shift of the M-T
curves in Fig. 3(a) between cooling- and heating-runs at H =
0.3 Tand 1 T, in contrast to the data for H > 4 T. In the presence
of H, the gain in Zeeman energy is larger for the orthorhombic
phase due to its larger magnetization than for the hexagonal
phase. This gives rise to an increase of the structural transition
temperature (Ts and Ts"), stabilizing the orthorhombic phase in a
wide temperature range under H. For this x=0.03 compound,
shift rate of Ts® (dTs%/dH) is as large as 1.1 K/T. From the similar
measurements for other samples, we determined the shift rate of
Ts¢ as a function of x, and plotted in Fig. 4(c).

In order to estimate the phenomenological magnetostructural
coupling strength, we have analyzed the T-H phase diagram by using
Landau free-energy scheme, which has been applied for studying
magnetostructural transitions in shape-memory alloys, for example,
in Ni;Mn, _,Cu,Ga*. The Landau free-energy (f) expansion for
coupled magnetic and structural degrees of freedom is expressed®*”>*
as
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Figure 3 | Magnetic-field-induced structural instability. Temperature dependence of magnetization (a) and —— (b) of x=0.03 alloy at several magnetic
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fields measured in both heating and cooling processes (as indicated with arrows in (a) for 1 T case). The — plots between heating and cooling runs are

vertically shifted for the purpose of clarity. Hatching in (a) indicates thermal hysteresis. The black, green and brown arrows in (b) indicate the magnetic
transition (T¢), structural transitions in cooling ( Ts°) and heating ( Ts") processes, respectively. The compound undergoes a concomitant magnetic and
structural transition on cooling for all the H values while only for H= 4 T on heating. In the cooling run, T (and Ts®) are almost the same for 0.3 T and
1 T. For H= 0.3 Tand 1 T, the structural transition in the heating run occurs at almost the same temperature and higher than the corresponding
magnetic transition, causing the deviation from a simple parallel shift of the magnetization data between heating and cooling runs in (a) and the

dM
broadness of T in (b). (c) Experimentally observed values of T, Ts¢and Ts" are plotted against magnetic field. The structural transition temperatures in

the cooling (T%s_gg) and heating (T"s_gz) processes as estimated from Landau free-energy analyses are also plotted. Hatching indicates the thermal

hysteresis of the structural transition.
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where f; is a constant part of the free-energy, A, T, A", Ty, T, and T,
are parameters. Tc" (Ts°) is the magnetic (structural) transition tem-
perature on cooling without H (magnetostructural coupling). M and
Q are the normalized magnetization and lattice-distortion index;
Q=0 for the hexagonal phase and 1 for the orthorhombic phase.
Based on this free-energy expansion, we obtained the structural
transition temperatures T's_gg and T%_gg (see Methods section for
details), which are displayed in Fig. 3(c). This analysis enables us to
deduce a magnetostructural coupling strength T), corresponding to
the M*Q? term for a given x composition. We performed the same
analysis for all the investigated alloys; the x-dependence of the
obtained T, is shown in Fig. 4(d). Here, T), is expressed in unit of
energy since M and Q are normalized.

As clearly seen, T) attains the largest values in the intermediate
x-region of 0.025 = x = 0.035. This composition range almost coin-
cides with the range for which the obtained -AS values are maxi-
mized, as plotted in Fig. 4(a). Furthermore, the characteristic
asymmetry in the x-dependence of the -AS values at Ts‘, namely
small -AS for x = 0.02 and large -AS for x = 0.04, is similar with
that of the obtained T, values, as seen in Fig. 4(a) and (d). These
observations clearly show the intimate correlation between these two

quantities. When the coupling constant T, (biquadratic term of free-
energy) is large, application of magnetic field can induce large lattice
distortion via the field-induced magnetization near T¢, giving rise to
the large entropy change from the lattice degrees of freedom in
addition to the magnetic entropy change, accounting for large -AS
values. Also, the thermal hysteresis width of the structural transition
becomes small for this composition range, as shown in Fig. 4(b). The

T,
coupling term -7'7M2Q2 stabilizes the distorted (orthorhombic)

phase when there is a finite magnetization (regardless of whether it
is spontaneous or induced moment), giving rise to an increase in

M)
transition temperatures from Ts*=T¢ to T¢ + T, [ ,] , and from
2 2 n]2
Tsh = Tg + Tﬁ " to TS + Tﬂ : +T, [ for cooling and heat-
4T,A' 4aT,A° 7T A

ing process, respectively, where M and M" denote the magnetization
at Ts® and Ts". (Here, Ts® and Ts" in the presence of the magnetos-
tructural coupling term should be considered to be determined from
the above equation self-consistently.) Therefore, thermal hysteresis

T T[] fa s
ar A ©ara T [T = M 4 since
[[M"]?- [M*]*]<0 holds in general, the coupling between magnetiza-
tion and lattice degrees of freedom reduces the hysteresis width; the
hysteresis becomes smaller when the coupling constant T, is larger.

The controllability of structure by a magnetic field is represented
by the shift rate of T, and its x-dependence is plotted in Fig. 4(c). It is

changes from
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Figure 4 | Correlation between magnetocaloric effect and
magnetostructural coupling strength. Zn concentration (x) dependence
of (a) the peak value of magnetocaloric effect, or isothermal entropy
change (-AS), for a field change from 0 T to 5 T, at T and T, (b) the
thermal hysteresis related to the structural transition (ATj,ys), (c) the shift
rate of T¢® with application of magnetic field H (dTs*/dH) and (d) the
magnetostructural coupling strength (T;) as estimated from Landau free-
energy analyses. The solid and dashed lines are the guide to the eyes, and
the shaded region corresponds to the region where magnetic and structural
transitions occur concomitantly.

reasonable that this quantity and the magnetostructural coupling
constant T, plotted in Fig. 4(d) show very similar x-dependence.
Field-induced structural transition has also manifested itself in the
M-H curves as (very gradual) metamagnetic-like and irreversible
behavior. This behavior was observed in alloys with Tc=Ts at around
Ts, and the magnitude of the field-induced magnetization enhance-
ment associated with the structural transition becomes smaller as x
becomes larger, in accord with the x-dependence of T, in this x-
range.

In summary, a series of MnCo, _,Zn,Ge alloys are systematically
synthesized and their magnetic and structural phase diagram is
revealed. The increase in x rapidly reduces the structural transition
temperature. As x is finely tuned to the intermediate x compositions
(0.025 = x = 0.035), enhanced magnetocaloric effect at the concom-
itant magnetostructural transitions as well as considerable change of
structural transition temperatures is observed upon applying mag-
netic field. The structural phase diagram in the T-H plane is analyzed
in terms of Landau free-energy scheme to obtain the magnetostruc-
tural coupling constant, and the characteristic x-dependence of the
magnetocaloric effect at the structural transition temperature is

found to closely correlate with the variation in the coupling strength.
The link between the magnetocaloric effect and magnetostructural
coupling as revealed in this work will be useful for designing magne-
tocaloric materials, and also point to the importance of the interplay
between the magnetic and lattice degrees of freedom to obtain large
magnetocaloric responses in general. Reducing the thermal hyster-
esis will be a future problem to be overcome.

Methods

Sample synthesis and characterization. MnCo, —,Zn,Ge samples were synthesized
with solid-state synthesis route by mixing Mn, Co, Zn and Ge metallic powders and
sintering them in Al,O; crucibles placed inside evacuated quartz ampoules, at 975°C
for 16 hours and then at 1050°C for 2 hours, with intermittent grinding and slow-
cooling. Co, Zn and Ge powders were mixed in stoichiometric amounts while 1.1
times the stoichiometric amount of Mn was taken in order to account for the loss of
Mn during sintering. Chemical homogeneity and compositions of the samples were
checked by using energy dispersive X-ray (EDX) analysis. EDX results suggest
approximately 3% deficiency in Co content compared to the nominal compositions.
The cell volume at room temperature was found to remain nearly constant as x is
varied, perhaps due to similar atomic radii of Co and Zn.

Measurements of structural and magnetocaloric properties. Low-temperature X-
ray diffraction measurements were carried out in vacuum atmosphere to investigate
the structural transitions for selected samples. Magnetocaloric values were evaluated
from isothermal M-H measurements by using Maxwell’s relation, following the loop
process™, which has proved to be indispensable to evaluate magnetocaloric quantities
accurately for first-order as well as second-order transitions®*°.

Analyses of T-H phase diagram based on Landau free energy expansion. We first
assumed a set of parameters (A’, Ty, T,, and T,) for the last four terms in the free-
energy f expansion of Eq. (1), and using the experimental T-dependent values of M at
a certain H for the last M>Q’ term, examined the shape of the free energy fas function
of the distortion Q for a certain value of T. We then changed T value, and looked for
Ts_rg as the temperature T where the shape of fas a function of Q is such that the
energy barrier between the local-minimum and global-minimum of f goes to zero. In
the heating-process, the structural transition temperature (T%_gg) is determined as
the temperature where the energy-barrier for the system to change from the local-
minimum of the free-energy at Q=1 (the orthorhombic phase) to the global-
minimum at Q=0 (the hexagonal phase) becomes zero to cause a first-order phase
transition. In the cooling-process, the transition temperature (T%s_gg) is similarly
estimated as the temperature where the energy-barrier to prevent the system from
changing from local-minimum at Q=0 to global-minimum at Q=1 vanishes. We
then compared these values of Ts_pg with the experimental values of Ts. We changed
parameter values of A’, Ty, T,, and T, and repeated the procedure so that calculated
Ts_pr and experimental values of Ts show good agreement with each other. We used
the same set of optimized parameter (A’, T4', T,, and T;) values for both the heating
and cooling processes, and for different magnetic field strengths and repeated the
same procedures for different x compositions.
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