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We report that both a strain glass transition and a ferromagnetic transition take place in a

Ni43Co12Mn20Ga25 Heusler alloy. This results in a ferromagnetic strain glass with coexisting short

range strain ordering and long range magnetic moment ordering. The phase diagram of the Ni-Co-

Mn-Ga system shows that the substitutional point defect Co in the Ni-site plays the following roles:

(i) suppressing the long range strain ordering of martensite, (ii) promoting local strain ordering of

strain glass by producing random local stresses, and (iii) enhancing the ferromagnetic exchange

interaction, which leads to the formation of ferromagnetic strain glass. VC 2012 American Institute
of Physics. [http://dx.doi.org/10.1063/1.4751250]

Martensitic transition is known as a diffusionless struc-

ture transition with the formation of long range lattice strain

ordering in martensite.1 This transition results in the shape

memory effect and superelastic behavior and makes the mar-

tensitic alloys become important functional materials.

Among the martensitic alloys family, the Heusler alloys are

very unique for showing both martensitic and magnetic tran-

sition.2 Due to the interaction between the strain and mag-

netic degrees of freedom, Heusler martensitic alloys exhibit

multi-functional properties such as magnetic shape memory

effect3,4 and magnetocaloric effect5 and have attracted inten-

sive investigation for decades.

The composition of martensitic alloys (including Heus-

ler martensitic alloys) are often modified by doping in prac-

tice, because the dopant elements (point defects) can affect

their transition behavior,1,6–12 which further alters their func-

tional properties. Recent studies show that doping sufficient

defect elements such as Fe, Co, and Cr in to Ti-Ni and Ti-Pd

martensitic alloys can suppress the spontaneous martensitic

transition9–12 but lead to the formation of strain glass transi-

tion in these systems.10–14 The formation of long range strain

ordering (martensitic twin morphology) was prohibited in

strain glass for the existence of point defects, while ran-

domly distributed short range strain ordering (martensitic

nano-domain structure) persists and freezes kinetically in

strain glass state.12–14 The strain glass transition does not

accompany structure variation.12,14 However, it is character-

ized by frequency dependent dynamic mechanical anomalies

conforming to the Vogel-Fulcher relationship,12 which dem-

onstrates the existence of a kinetic freezing transition.

As mentioned above, the martensitic transition and

ferromagnetic transition can coexist in the Heusler alloy sys-

tem, which leads to the ferromagnetic martensite. However,

it is unknown so far whether there is a ferromagnetic strain

glass in the martensitic-derived system. In this study, we

report that the Ni43Co12Mn20Ga25 Heusler alloy undergoes a

ferromagnetic transition at high temperature and then under-

goes a strain glass transition at low temperature. This leads

to the formation of a ferromagnetic strain glass state, in

which the short range strain ordering and long range mag-

netic moment ordering coexist. The formation of ferromag-

netic strain glass by doping substitutional point defect Co in

the Ni-site of Ni-Co-Mn-Ga alloy is also discussed through a

phase diagram of the system.

A series of Heusler alloys Ni55�xCoxMn20Ga25 (x¼ 0,

2, 4, 6, 8, 10, 12, 15, 18) were fabricated by arc melting

99.9% pure metals of Ni, Co, Mn, and Ga in argon atmos-

phere. The as-cast ingots were annealed at 1173 K for 24 h in

evacuated quartz tubes and subsequently quenched into

room temperature water. To characterize the lattice strain

states in the samples, the dynamic mechanical analysis

(DMA) was performed in a DMA Q800 from TA Instru-

ments. To identify the magnetic states of these samples, the

temperature dependence of magnetization was performed

with a LakeShore 7300 vibrating sample magnetometer

(VSM). The transition latent heat was measured by a dif-

ferential scanning calorimeter (DSC) of Q100 from TA

Instruments. Moreover, in situ x-ray diffraction (XRD)

measurement was also performed on bulk samples in a

Bruker x-ray diffractometer to monitor their structure evolu-

tion upon temperature. The microscopic observation was

done in a JEOL JEM-2100 transmission electron microscope

to explore the microstructure of the strain glass sample.

The ferromagnetic strain glass was obtained by doping

sufficient Co into the Ni-site of Ni55Mn20Ga25 Heusler

martensitic alloy. In the following, we will first display the

transition behavior of the pure Ni55Mn20Ga25 martensitic ter-

minal and then show how the transforming properties of the

system change as a function of defect (Co) concentration.

The typical transforming behavior of Ni55Mn20Ga25 mag-

netic martensitic alloy is shown in Fig. 1. Its dynamic me-

chanical analysis (Fig. 1(b)) displays a sharp modulus dip

with insignificant frequency dispersion in its dip tempera-

ture, which is the typical characteristic of martensitic
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transition.15,16 The XRD profiles in Figs. 1(a1) and 1(a2)

demonstrate that its martensitic transition accompanies the

structure change from L21 austenite (423 K) to tetragonal

martensite (283 K). Moreover, a ferromagnetic transition

was detected by the temperature dependence of magnetiza-

tion in Fig. 1(c). The martensitic transition temperature TM

(369 K) of Ni55Mn20Ga25 coincides with its Curie tempera-

ture TC (368 K), revealing the simultaneous formation of

long range strain and magnetic moment order in the sample.

The transition behavior of Ni55�xCoxMn20Ga25 (x¼ 0–18)

alloys changes greatly with increasing Co doping, which is

well revealed by the comparison of their DSC curves in

Fig. 2. As shown in Figs. 2(a)–2(c), the exothermal/endother-

mic peaks of Ni55�xCoxMn20Ga25 (x¼ 0, 4, 8) alloys exhibit

the jerky characteristic, which is well-known for the Ni-Mn-

Ga based martensitic Heusler alloys.7 The jerky characteris-

tic of DSC peak is caused by successive sudden progression

of big austenite/martensite phase boundary during marten-

sitic transition,17,18 the appearance of which is very sensitive

to diverse factors such as disorder, composition, and heat

treatment.17 Thus, it may appear in some Ni-Mn-Ga alloys,7

while it may not be observed in others with different disor-

der, composition, or heat treatment.19 With the increase of

Co content x, the martensitic transition temperature (TM) of

Ni55�xCox Mn20Ga25 sample shows slight change when

x� 4 but exhibits a rapid drop when 4< x� 8 (Fig. 2(e)).

This reflects that the martensitic stability was reduced greatly

by the substitutional doping of Co into the Ni-site of this sys-

tem. The corresponding transition latent heat obtained from

both cooling and heating processes decreases rapidly when x

increases from 0 to 8, as shown in Fig. 2(e). More interest-

ingly, the transition latent heat of Ni55�xCoxMn20Ga25 sam-

ples vanishes when x� 10 (Fig. 2(e)), as exampled by the

absence of exothermal/endothermic peaks in the DSC curve

of Ni43 Co12Mn20Ga25 sample in Fig. 2(d). This suggests the

absence of martensitic transition at high Co doping regime

(x� 10). The reduction of martensitic transition temperature

and the weakening of the transition signature by doping

defects in the Ni-Co-Mn-Ga system are similar to those

observed in the defect doped Ti-Ni and Ti-Pd system. This

indicates that strain glass transition likely appears in the

heavily doped Ni55-xCoxMn20Ga25 samples.

Fig. 3 shows the experimental evidence for the strain

glass transition in Ni43Co12Mn20Ga25 Heusler alloys. As dis-

played in Figs. 3(a1)-3(a3), the XRD profiles of the samples

do not show any macroscopic crystal symmetry change from

313 K to 170 K, indicating no structure transition occurs in

this temperature range. This is consistent with the disappear-

ance of exothermal/endothermic peak in its DSC curve in

Fig. 2(d). However, its DMA results (Fig. 3(b)) exhibit a

FIG. 1. The transforming behaviors of Ni55Mn20Ga25 ferromagnetic marten-

sitic alloy. The XRD profiles of (a1) L21 austenite (423 K) and (a2) tetrago-

nal martensite (283 K) for this alloy. (b) The dynamic mechanical properties

of the sample. (c) The magnetization vs. temperature curve measured under

the magnetic field of 0.2 T for the sample.

FIG. 2. The change of the transforming signatures of the Ni55�x

CoxMn20Ga25 (x¼ 0–18) alloys with increasing Co doping. (a)-(d) show the

DSC curves of Ni55�xCoxMn20Ga25 (x¼ 0, 4, 8, 12) alloys respectively. (e)

The change of the transition latent heat (DS) and the martensitic transition

temperature (TM) of Ni55�xCoxMn20Ga25 (x¼ 0–18) samples as a function

of Co content (x).
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broad storage modulus dip in this temperature regime, which

indicates the existence of a transition. Moreover, the fre-

quency (x) dispersion of its storage modulus dip temperature

(Tg(x)) obeys the Vogel-Fulcher relationship x¼x0

exp[�Ea/kB(Tg(x) � T0)] (inset of Fig. 3(b)). This is the typ-

ical freezing feature of strain glass,12 demonstrating the

strain glass transition does exist in Ni43Co12Mn20Ga25 Heus-

ler alloys. Its ideal freezing temperature T0 yields 249.7 K by

fitting the frequency dependent modulus dip temperatures

with the Vogel-Fulcher relationship. Notably, the tempera-

ture dependence of magnetization of this strain glass alloy

shows a ferromagnetic transition at the Curie temperature TC

of 506 K (Fig. 3(c)), being much higher than its ideal freez-

ing temperature T0. This demonstrates that there exists a fer-

romagnetic strain glass with the coexistence of short range

strain ordering and long range magnetic moment ordering.

The martensitic nano-domain structure of the ferromag-

netic strain glass Ni43Co12Mn20Ga25 was observed by trans-

mission electron microscopy at room temperature. As shown

by the bright field image in Fig. 4, no martensitic variant

plates and twin morphology appear in the sample, but many

nano-domains with the size of 10 nm–40 nm exist. The corre-

sponding electron diffraction pattern taken from the [1 0 0]A

zone axis of austenite structure shows a L21 reflections,

being consistent with XRD measurement. However, some

weak and diffuse reflections (indicated by white arrows in

the inset of Fig. 4) appear near the main diffraction spots,

which resemble the corresponding diffraction spots for the

tetragonal martensite of Ni-Mn-Ga martensitic alloy.20 This

indicates that the nano-domains possess local tetragonal latti-

ces. It should be mentioned that the size of the ferromagnetic

domains of ferromagnetic martensitic alloy is in micrometer

scale as reported previously,21,22 which is much bigger than

the martensitic nano-domains of ferromagnetic strain glass.

The evolution of the lattice strain state and magnetic

state as a function of Co content x and electron concentration

e/a of Ni55�xCoxMn20Ga25 system is displayed in the phase

diagram of Fig. 5, which well reveals the formation of ferro-

magnetic strain glass by doping point defects. The marten-

sitic transition temperatures TM in the phase diagram were

obtained by DSC and DMA measurements and the ferromag-

netic transition temperatures TC were determined by magnet-

ization vs. temperature curves. As shown in Fig. 5, when the

composition of Ni55�xCoxMn20Ga25 (0� x� 2) system is

close to its pure Ni55Mn20Ga25 martensitic terminal, the mar-

tensitic transition of the system coincides with its ferromag-

netic transition. In addition, both the martensitic and

ferromagnetic transition temperatures show insignificant

change with the increase of Co content. The system trans-

forms from the paramagnetic austenite into the ferromag-

netic martensite upon cooling.

The martensitic transition temperature TM starts to

decrease rapidly on further increasing the Co content up to a

critical value xc, while the ferromagnetic transition tempera-

ture TC increases rapidly with increasing Co doping. Thus,

the system first transforms from the paramagnetic austenite

into the ferromagnetic austenite at high temperature and then

into the ferromagnetic martensite at low temperature. The

reduction of TM demonstrates that the stability of martensite

is greatly reduced by doping substitutional point defect Co

FIG. 3. The experimental evidence for the ferromagnetic strain glass in

Ni43Co12Mn20Ga25 Heusler alloy. (a1)–(a3) show the XRD profiles of the

sample measured at 170 K, 250 K, and 313 K, respectively. (b) The dynamic

mechanical properties of Ni43Co12Mn20Ga25 ferromagnetic strain glass. The

inset shows that the frequency (x) dispersion behavior of its storage modu-

lus dip temperature (Tg(x)) conforms to the Vogel-Fulcher relationship. (c)

The magnetization vs. temperature curve measured under the magnetic field

of 0.2 T for the sample.

FIG. 4. Bright field image of the ferromagnetic strain glass Ni43C-

o12Mn20Ga25. The inset shows the corresponding electron diffraction pattern

of [1 0 0]A zone axis of austenite structure.
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into the Ni-site. This fact is consistent with previous studies

of the doping effect in Ni-Mn-Ga Heusler system.7,8 It was

considered that the decrease of TM stems from the decrease

of the electron concentration e/a by the replacing Ni with

Co.7 The increase of the TC is suggested to relate with the

higher magnetic moment of Co than that of Ni and stronger

exchange interaction of Co-Mn as compared with Ni-Mn.8

When the Co content is above the critical value xc, the

martensitic transition of the system is completely suppressed

and replaced by the strain glass transition. However, the fer-

romagnetic transition temperature TC increases further to

higher temperature with increasing Co doping. Upon cool-

ing, the system first transforms from the paramagnetic aus-

tenite to ferromagnetic austenite (unfrozen state) and then

into the ferromagnetic strain glass (frozen state). Previous

study23 shows that the doped point defect should satisfy two

conditions in order to generate strain glass in the martensitic-

derived system. First, it decreases the thermodynamic driv-

ing force for forming long range strain order, i.e., it reduces

the phase stability of martensite. Second, it creates random

local stresses that favor local strain order. Obviously, doping

Co into the Ni-site of Ni-Co-Mn-Ga system satisfies these

two conditions, which leads to the formation of strain glass.

However, doping Co into the Mn or Ga site does not result in

the formation of strain glass, because this causes the increase

of martensitic stability of the system for the increase of e/a.7

The driving force of martensite is strong enough to overcome

the local barriers produced by the random local stresses of

point defects and drives the system to transform into marten-

sitic state. Comparing with the formation of normal strain

glass, one more condition should be satisfied to generate fer-

romagnetic strain glass. That is, the point defect promotes

the ferromagnetic exchange interaction in the system. It

should be mentioned that it is not a necessary condition to

require the pure martensitic terminal being ferromagnetic.

This is because in some Heusler system the point defect that

reinforces the ferromagnetic exchange interaction may gen-

erate the ferromagnetic transition at sufficient doping level,24

despite its martensitic terminal is not ferromagnetic.

In conclusion, we found a ferromagnetic strain glass in

Ni55�xCoxMn20Ga25 Heusler system by doping sufficient

substitutional point defect Co into the Ni-site. The existence

of ferromagnetic strain glass demonstrates that the short

range strain ordering coexists with the long range magnetic

moment ordering. The dopant Co in the Ni-site plays three

fold roles: (1) suppressing the long range strain ordering, (2)

promoting local strain ordering, and (3) enhancing the ferro-

magnetic exchange interaction in the Ni-Co-Mn-Ga system,

which leads to the formation of ferromagnetic strain glass.

The finding of ferromagnetic strain glass in Heusler system

may lead to practical applications.
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