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MnCoGe-based alloys with magnetostructural transition show giant negative thermal expansion
(NTE) behavior and magnetocaloric effects (MCEs) and thus have attracted a lot of attention.
However, the drawback of bad mechanical behavior in these alloys obstructs their practical
applications. Here, we report the growth of Mn-Co-Ge-In films with thickness of about 45 nm on
(001)-LaAlOs3, (001)-SrTiO5, and (001)-Al,O5 substrates. The films grown completely overcome
the breakable nature of the alloy and promote its multifunctional applications. The deposited films
have a textured structure and retain first-order magnetostructural transition. NTE and MCE behav-
iors associated with the magnetostructural transition have been studied. The films exhibit a
completely repeatable NTE around room temperature. NTE coefficient « can be continuously tuned
from the ultra-low expansion (¢~ —2.0 x 10" //K) to a~ —6.56 x 10" %/K, depending on the
growth and particle size of the films on different substrates. Moreover, the films exhibit magnetic
entropy changes comparable to the well-known metamagnetic films. All these demonstrate poten-

tial multifunctional applications of the present films. Published by AIP Publishing.

https://doi.org/10.1063/1.5009985

MM’X alloys (M, M’: transition element; X: main group
element) with a Ni,In-type hexagonal structure have
received much attention for their giant magnetocaloric/baro-
caloric effect (MCE),'” giant negative thermal expansion
(NTE) behavior,’ and magnetic field induced shape memory
effect.* As one member of the family, the stoichiometric
MnCoGe has the parent phase of Ni,In-type hexagonal. It
goes through a martensitic structural transition to the TiNiSi-
type orthorhombic structure at around 420K.> The ground
states of the two respective structures are ferromagnetic
(FM), and the intrinsic FM ordering temperatures are 355 K
and 265K for the martensitic orthorhombic and austenitic
hexagonal phases,’ respectively. The martensitic transition
temperature is very sensitive to the valence electron concen-
tration, local chemical environment, and extrinsic field
such as pressure. By optimizing the composition of the alloy
through introducing vacancies, interstitial elements, or
replacing the main elements by atoms with different sizes
and valence electrons, the martensitic transition temperature
can be tuned to reside in the temperature gap of FM ordering
temperature of the two respective structures. Hence, a coupling
of magnetic and structural transitions, i.e., magnetostructural
transition (M), can be induced.”™! The M, transformation is
accompanied by the giant barocaloric effect® and magneto-
caloric (MCE) effect.” Moreover, an abnormal negative
volume change of —3.9% occurs for the bulk* during the tran-
sition, based on which giant NTE with a coefficient as much as
o~ —51.5x% 1076/K in a temperature window has been
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obtained in the bonded Mn-Co-Ge alloys.’ Materials with zero
thermal expansion (ZTE) or precisely tailored thermal expan-
sion are in urgent demand of modern industries. Although a
number of ZTE or NTE materials as compensators have been
discovered, such as ZrW,Og family,12 CuO nanopar[icles,13
PbTiOs-based compounds,'  antiperovskite —manganese
nitrides,'>®  La(Fe,C0,Si);3,!” and MnCoGe-based com-
pounds,* approaching to precisely tailored thermal expansion,
particularly for ZTE, still remains a great challenge.

It is known that fabricating magnetic materials in lower
dimensions can stimulate interesting properties and over-
come some weakness of the bulk. In recent years, more and
more work has emerged on the fabrication of thin films with
magnetostructural coupling to realize textured or single crys-
talline structures, thus promoting their multifunctional appli-
cation.'® The thin films also facilitate the miniaturization of
magnetic refrigerants, which have priorities for promoting
thermal exchange of the material due to the large surface
area. Many representative MCE materials such as Gd,"
Gd5Si2G62,20’21 FeRh,22 metamagnetic NiMn-based Heusler
alloy,>~*> and MnAs?° have been explored in nanostructured
thin films, and considerable MCE has been reported.
MnCoGe-based alloys, however, have not been explored up
to now. In practice, MnCoGe-based alloys with magneto-
structural transition have serious weakness, that is, they will
collapse into powders soon after annealing. This fact limits
their application. Considering the excellent behavior of the
MnCoGe-based alloys, it is worthwhile to explore the growth
technique of the alloy films. Fabricating MnCoGe-based
alloy films and realizing M in the thin films is a good way to
overcome the weakness of the alloy, thus promoting their

Published by AIP Publishing.
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possible application as solid-state magnetic refrigerants and
NTE use as thermal compensators.

Our previous work has shown that through replacing Ge
by a few In atoms, the structural transition of the alloy can
be tuned to be around room temperature. M transformation
can thus be realized in Mn-Co-Ge-In alloys.? Here, choosing
the MnCoGe g95Ing o5 alloy as the target, we report the
growth of Mn-Co-Ge-In thin films on different substrates.
Analysis of the magnetic and structural transformation along
with the MCE and NTE of the films grown has been done.

Films with a thickness of 45nm were deposited on
(001)-LaAlO; (LAO), (001)-SrTiO5 (STO), and (001)-Al,04
substrates using the pulsed laser deposition (PLD) technique.
The base pressure is better than 10® mbar. The target was
cold-pressed from the arc-melted MnCoGe g95Ing o5 alloy
powders under pressure as high as 6 GPa.'” The substrate
temperature was kept at 823 K during deposition. The struc-
ture of the films was determined by X-ray diffraction
(XRD) using Cu-Ka radiation. The morphology of the film
was examined by atomic force microscopy (AFM), scanning
electron microscopy (SEM), and transmission electron
microscopy (TEM) techniques. Magnetization properties
were measured using a Quantum Design Superconducting
Quantum interference device (SQUID) VSM.

The surface morphology and microstructure of the thin
films are shown in Fig. 1. It can be confirmed from the SEM
images that the films are fine grained polycrystalline with a
minimum size of several hundreds of nanometers. The three-
dimensional image of the specific film on the LAO substrate
suggests a three-dimensional (Volmer-Weber) growth mode.
The high resolution TEM image of the typical film on STO
denotes grain boundaries as shown in Fig. 1(d), meaning that
the areas with a minimum size resolved in the SEM image
are not grains but islands constituted with grains whose sizes
are several tens of nanometers. The white area in the TEM
image is the small island that fills in the bigger ones which
correspond to the black areas of the SEM image, as shown in
Fig. 1(b). The size of the islands is different for thin films
grown on Al,Os, STO, and LAO substrates, with average
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values of about 1 um, 0.66 um, and, 0.28 um, respectively.
From the thermodynamic point of view, the growth mode of
films can be analyzed from the surface free energy of the
metal (V,,0:1), OXide substrate (V,.iqzes), and metal-oxide
interface (Vinterface)- When Ymetal+Vinterface >7oxides» the three-
dimensional growth mode is supported.27 Since )¢ 18 USU-
ally higher than y(,x,-des,ﬂ the growth of the three-dimensional
mode is very likely. The kinetic process is related to coales-
cence of islands and the incoming atoms filling the vacant
spaces between the islands. This fact results in the observed
morphology of the films with little islands filling between
the bigger ones. Moreover, the practical growth process of
metal films on the oxide substrate is complicated and closely
related to the following factors, such as the free surface
energy of the respective alloy film and oxide substrates, the
energy barrier of the incoming metal atoms in diffusing
across the surface of the oxide substrates and the film of
metal islands, as well as the defect intensity of the oxide sub-
strates. These factors finally lead to different morphologies
and island sizes of the present films.

Room temperature XRD patterns of the thin films on dif-
ferent substrates are displayed in Fig. 2. Interestingly, the
diffraction patterns denote mainly the peaks of the (00l)
plane for the hexagonal structure and the (h0O) plane for the
orthorhombic structure. This implies that the films own
mixed structures and are possibly textured along the out-
of-plane direction with (001) orientation for the hexagonal
structure and (h00) orientations for the orthorhombic struc-
ture. The orthorhombic structure could be formed through a
diffusionless martensitic transformation and would certainly
experience a huge stress as the films were cooled from the
deposition temperature of 823 K. The lattice constants of the
hexagonal and orthorhombic structures have the relationship
of ap=cy, bo=ay, and co = v/3 ay.>>® The ¢ axis of the
hexagonal structure corresponds to the @ axis of the ortho-
rhombic structure, which is the main deformation axis and
changes by 11.3% during the martensitic transformation.”*®
Thus, the textured structure of the films can be reasonable,
with cy and ag axes of the two respective structures lying

O]

FIG. 1. SEM morphology of the 45 nm
thin films on Al,O5; (a) STO (b), and
LAO (c), the TEM images of a part of
one island for the film grown on STO
(d), and three dimensional AFM image
of the film on LAO (e). The black
vacancies in the SEM image (b) corre-
spond to the white areas in the TEM
image. The selected area in the TEM
image corresponds to the selected
island area in (b).



012401-3  Liuetal.
(a) o _
:
N - <
g S R
et <
T g
640 645 650 2
26 (deg) =
ey J_ ‘k
o v 1 1 1 1
g
. b =
2 (b) o S o
& 2 © 2
z L
s gg - -
2Ps 8 g
= = = <
S =\
() S g °
= s <
- o —
S
S ~
~ —~
S g z
= S
lL _J = L
30 45 60 75
26 (deg)

FIG. 2. XRD pattern of the Mn-Co-Ge-In films deposited on the (001)-cut
AlL,O; (a), STO (b), and LAO (c) substrates, where “O” represents
the orthorhombic structure and “H” represents the hexagonal structure of
the Mn-Co-Ge-In alloy. The inset in (a) shows the enlarged image of the
selected area.

out of plane, along which the lattice deformation is allowed
and the reconstruction of the structure during the martensitic
transition would be facilitated. The sketch of both structures
and detailed analysis about film structure growth on different
substrates can be found in the supplementary material.

The magnetic transformation behavior was determined
by measuring the magnetization dependence on temperature
(M-T curves). Both zero field cooling (ZFC) and field cool-
ing (FC) modes were adopted with a magnetic field of 0.05T
applied (Fig. 3). For all the films deposited on different
substrates, there exists an obvious thermal hysteresis in a
wide temperature range, denoting the overlap of magnetic
and structural transitions and the emergence of first order
magnetostructural transformation (M,).? The transformation
window of the films is much more broadened when com-
pared to that of the bulk alloy, which has a rapid transition at
around 324 K with a thermal hysteresis of 6 K [Fig. 3(d)].
Differential M-T curves (dM/dT) on heating denote the mini-
mum value at about 257K for all the films, indicating that
the magnetostructural transformation not only broadens but
also shifts to lower temperature compared to the bulk. Still,
there exists a dependence of M transformation behavior on
the average island size of different films, that is, the M
transformation is sharper for the film on Al,O3 with the larg-
est average size but slower for the film on LAO with the
smallest one.
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FIG. 3. The dependence of reduced magnetization on temperature (M-T
curves) for the films grown on different substrates Al,O3 (a), STO (b), LAO
(c), and M-T curves of the bulk alloy (d), with a magnetic field of 0.05T
applied. The arrows act as guides for the heating and cooling process, and
red and black lines denote the FC and ZFC modes, respectively.

The M; transformation of the MM’X family is very sen-
sitive to the chemical components and external field such as
hydrostatic pressure.'” Moreover, size effect and residual
stress could also influence its martensitic transformation.*
Our previous studies®® have demonstrated that with the
reducing particle size, the austenite phase was stabilized
and the transition window broadened in the hexagonal Mn-
Ni-Fe-Ge alloy. The residual stress introduced in the cold
pressed Mn-Co-Ge-In thin slice can be able to broaden the
M transformation as well.” Furthermore, for the alloy films
adhered to the substrates, the expansion of the film would
certainly be constrained by the substrate. So it is conspicuous
that for systems undergoing M, the transition will be inevi-
tably influenced by the rigid substrate in the thin film system.
One of the main sources of the stress in the thin films could
be the crystal mismatch between the thin film and substrates.
Furthermore, the thin films here have an island size much
smaller than their bulk alloy and differ with each other.
There would certainly exist crystal defects and surface stress
which could vary with the island size. In the material with a
fine-scale microstructure, the stresses from grain boundaries
may give rise to internal stress fields that depend on the
geometry. Thus, the different My transformation behavior of
the films on different substrates can be closely related to the
stress induced by the crystal mismatch and various grain
sizes and residual stresses. Similar to the particle size effect
reported in the Mn-Ni-Fe-Ge alloy,”® the smallest island
appears in the film on LAO, which corresponds to the slow-
est phase transition, compared to others on STO and Al,O;
(Fig. 3). It also predicts low thermal expansion behavior
through the transformation.

As a representative display, Fig. 4 demonstrates the
isothermal magnetization (M-H) curves for the film on STO
substrate. The loops were measured with the applied mag-
netic field along the in-plane direction. All plots have been
corrected to eliminate the influence from the diamagnetism
of the substrate using the relationship: Mgy, = M ..~y H, in
which y is the susceptibility of the substrate and H is the
magnetic field applied. For a material with first order
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FIG. 4. The isothermal magnetization (M-H) curves (a) and the magnetic
entropy change dependence on temperature under different magnetic fields
(b) for the typical thin film grown on the STO substrate.

transition that lasts in a wide temperature window (not at a
point), it has been proved that the Maxwell relation and
Clausius-Clapeyron relations are the equal ways to calculate
the isothermal entropy change.® Combined with the Maxwell
relationship, the magnetic entropy change AS was calculated
and is shown in Fig. 4(b). Approximately, the maximum |AS|
values for magnetic field changes (AB) of 0-2T and 0-5T are
about 1.4 and 3.0J/kgK, and the temperatures corresponding
to the |AS| maximum are 253K and 258 K, respectively. In
particular, |AS| under 2T (the permanent magnet can reach) is
comparable to the value reported in the well-known metamag-
netic Ni-Co-Mn-In (1.1J/kgK for AB :2T)23 and Ni-Mn-Sn
(1.5J/kgK for AB = 1T) thin films.>* The |AS| value, which is
intimately related to the M, transformation, reasonably reduces
compared to the giant MCE of its bulk which undergoes a
sharp M. There is no obvious magnetic hysteresis in the M-H
curves for the film, and the temperature span of half width of
the AS peak is as wide as 100K [Fig. 4(b)], originating from
the broadened Mj transformation. Besides, refrigerant
capacity (RC) is another parameter that could assess the MCE
of a refrigerant. It reflects the energy that a refrigerant can
transfer between the cold and hot sources. RC is defined as
RC = fTTl * |ASy|dT, where T, and T, are the temperatures cor-
responding to the half maximum of the AS peak. The RC val-
ues estimated for the film are 39 J/kg and 253 J/kg for AB=2
T and 5T, respectively, which are higher than its bulk parent
(189 J/kg for AB =5 T)'” and the reported Ni-Mn-Sn thin films
(33.9J/kg for AB=2T).>* These results indicate potential
applications of the present films for micro-scale magnetic
cooling.

Moreover, we also studied the NTE behavior involving
the magnetostructural transformation for the films. The ther-
mal expansion coefficient oo was determined using a high
resolution strain gauge directly adhered onto the film surface.
As can be seen from Fig. 5, the thin films denote NTE behav-
ior, and multiple measurements demonstrate that the NTE
behavior is completely repeatable without any fatigue.
Moreover, we surprisingly found that the NTE coefficient o
shows a monotonous decrease with the reducing island size
(Fig. 1). For the films on Al,O3 and STO, the average island
sizes are about 1 um and 0.66 ym, and the NTE coefficients
are o~ —6.56 x 107%/K (from 270K to 390K) and
a~—4.82 % 107K (from 290K to 390K), respectively.
These o values are a bit smaller compared to those of the rep-
resentative NTE materials ZrW,0g (o~ —9 x 10~ ¢/K)."!
For the film on LAO, the average island size (0.28 um)
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FIG. 5. Temperature dependence of linear thermal expansion AL/L for the
different Mn-Co-Ge-In thin films grown on Al,O3 (a), STO (b), and LAO
(c). Each has been repeated at least two times.

becomes further smaller (Fig. 1), and the NTE coefficient
further reduces and approaches zero (o~ —2 x 1077/K) in a
wide temperature range of 290K to 390K at around room
temperature. More excitingly, the NTE behavior of all the
films remains nearly independent of temperature in the corre-
sponding temperature window, which is guided by the purple
lines in Fig. 5. These characteristics are appreciable for prac-
tical application. The obvious dependence of NTE coeffi-
cient on the average island size of the alloy films should be
intimately correlated with the variety of introduced residual
strains and their impact on the first order magnetostructural
transition process.” As discussed in the former part, the grain
size of the alloy films is much smaller than the bulk
reported,”® which means that more grain boundaries and
crystallite defects may appear. The surface stress and resid-
ual strain differ with the geometry, leading to the variation
of the transformation temperature between different islands
and hence the broadening of the phase transition window
and the gradual reduction of NTE coefficient o with the
reducing particle size.>?' Besides, the compensating effect
from the positive thermal expansion of substrates as well as
the possible stress introduced by the mismatch of different
thermal expansions between the film and substrates’>*
should also play an important role in the reduced NTE of
films. Note that the linear thermal expansion coefficients of
the commercially supplied Al,O5, STO, and LAO substrates
are about o~ +7.5x 107K, o~ +9.4 x 1076/K, and o
~+1 x 107 7/K, respectively. As the observed NTE here is a
result upon compensating from the substrate, the temperature
range and the NTE coefficient behave differently. This is a
complex physical process, which is also closely related to
the spreading of strains between the substrates and films,
size effect, and possible defects.
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The different strain state of the films, depending on the
average island size, along with the thermal compensating
effect from substrates, governs the NTE coefficient of the
Mn-Co-Ge-In films. As the NTE material owns a lot of
potential applications in the areas of machinery parts, optical
fiber reflective gating devices, and printed circuit boards, it
can act as compensators for positive thermal expansion
materials to form composites with a precise thermal expan-
sion coefficient. The approximately linear NTE of the film
here is thus intriguing, based on which thin films with differ-
ent coefficients of thermal expansion can be designed and
grown through choosing appropriate substrates or introduc-
ing a buffer layer. Furthermore, the NTE behavior in present
films is completely repeatable between different cycles and
much more durable, which gives the films great advantage in
practical applications.

See supplementary material for the sketch of orthorhom-
bic and hexagonal structures and the detailed analysis on the
film structure and growth on different substrates.
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