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Development of miniaturized magnetostriction-associated devices requires low-field-triggered large
magnetostriction. In this study, we acquired a large magnetostriction (800 ppm) triggered by a low
saturation field (0.8 kOe) in iron-palladium (Fe-Pd) alloys. Magnetostriction enhancement jumping from
340 to 800 ppm was obtained with a slight increase in Pd concentration from 31.3 to 32.3 at. %. Further
analysis showed that such a slight increase led to suppression of the long-range ordered martensitic phase
and resulted in a frozen short-range ordered strain glass state. This strain glass state possessed a two-phase
nanostructure with nanosized frozen strain domains embedded in the austenite matrix, which was
responsible for the unique magnetostriction behavior. Our study provides a way to design novel
magnetostrictive materials with low-field-triggered large magnetostriction.
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Magnetostrictive materials are used as converters of
electromagnetic energy into mechanical energy or vice
versa. They are used extensively in traditional energy
converters (sonar detector and ultrasonic imaging) as well
in fashionable electronic devices (wearable devices and
microelectromechanical sensors) [1-4]. To obtain smarter
and more miniaturized magnetostriction-associated devi-
ces, magnetostrictive materials are currently required to
have an ability to demonstrate large magnetostriction at low
magnetic field [5-9].

During the past decades, many magnetostrictive materi-
als have been developed, and the two most prominent
systems include rare-earth-iron Laves phase alloys
(R.R)_,Fe,, e.g., Terfenol-D) [10,11] and ferromagnetic
shape memory alloys (FSMAs, e.g., Ni-Mn-Ga) [12,13].
Figure 1(a) demonstrates that R R|_ Fe, alloys can gen-
erate large magnetostriction of 1000-2000 ppm due to
magnetic domain rotations, and have served as magneto-
strictive workhorses for decades. However, their large
magnetocrystalline anisotropy leads to high saturation field
(H; > 1 kOe), thus restricting their further applications. In
contrast, FSMAs produce a giant field-induced strain
(~10%) [12] due to the magnetic field induced reorienta-
tion of mesoscopic martensitic domains, and have received
continuous attention since the 1990s. However, the
required H, corresponds to 10 kOe order, and is signifi-
cantly larger than that of R, R}_ Fe, alloys. Thus, these two
types of magnetostrictive materials are “strong but hard”
(“hard” here indicates relatively high H; and not hard
magnetic materials); i.e., their large magnetostriction is
usually triggered by a high external field. Fe-Ga alloys have
recently attracted significant interest since they are quite
“soft” [5-8]. Field magnitude of several hundred Oersted is
enough to generate relatively large magnetostriction
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compared to that in pure Fe. However, they are “soft but
weak,” for the magnetostriction is limited below 400 ppm
even for a single crystal [8]. Consequently, there is a virgin
region in Fig. 1(a), because magnetostrictive materials with
a “soft and strong” behavior, i.e., low-field-triggered large
magnetostriction, are still rare.

Herein, we report such a soft and strong behavior in Fe-Pd
FSMAs. We acquired a magnetostriction as large as 800 ppm
at an H as low as 0.8 kOe below a strain glass transition
temperature (7)) in an Feg; ;Pd3; 3 directionally solidified
(DS) alloy, exhibited in the virgin region [Fig. 1(a)]. This
behavior is strongly related to the unique nanostructure of
this strain glass alloy. Thus, this study may help to develop
novel magnetostrictive materials.

Fe;go_,Pd, alloys with Pd concentration of x = 30.5-33,
were prepared from high purity metals (> 99.95 at. %) by
arc melting under an argon atmosphere. After solution
treatment at 1273 K, the specimens underwent cold rolling,
spark cutting, further solution treatment, and, finally,
quenching in water. Transition latent heat was measured
by a differential scanning calorimeter (DSC-Q200, TA
Company). Physical property measurement system (PPMS,
Quantum Design) was employed to detect magnetization.
In situ x-ray diffraction (XRD, Shimadzu 7000 XRD) from
high to low temperature was used to identify the possible
structural change. Possible strain glass transition was
detected by dynamic mechanical analysis (DMA-QS800,
TA Instruments). The microstructure of the strain glass state
was observed by transmission electron microscope (TEM,
JEOL JEM-2100). DS samples were prepared by the
Bridgeman method to detect the magnetostrictive behavior.
The composition was determined by x-ray fluorescence
(Shimadzu XRF-8000). Magnetostriction was measured by
strain gauges.
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FIG. 1. (a) Comparison of the magnetostrictive benchmark (4, ,

vs H,) between Fe-Pd alloys and main magnetostrictive families,
including single crystal (SC) of FSMAs, R R/_ Fe, alloys, and
Fe-Ga alloys. “DS” repesents Directionally solidified alloys, and
“PC” strands for polycrystalline alloys. (b). Comparison of FOM
among Fe-Pd alloys, R R/ _, Fe, alloys, and Fe-Ga alloys. Inset of
(b) compares the magnetostriction curves of Feg; ;Pds, 5, Terfe-
nol-D, and Feg;Gaq alloys.

Figure 1(a) shows H, and saturation parallel magneto-
striction (4| ,) of the current main families of magneto-
strictive materials. The magnetostrictive behavior of the
Feg;7Pd;, 3 DS alloy (magnetostriction of 800 ppm trig-
gered by H, of 0.8 kOe at 120 K) enables itself to locate in
the virgin region. In contrast, the Fegg ;Pd3; 3 DS alloy, with
almost similar composition (only 1 at. % Pd deviation)
exhibits maximum saturation magnetostriction of only
340 ppm at a similar H, at 200 K. Clearly, a slight increase
in Pd concentration resulted in significant enhancement in
magnetostriction. A similar case has also been detected in
polycrystalline alloys. Magnetostriction of two polycrystal-
line alloys, x = 30.5 and x = 32, is also shown in Fig. 1(a).
Saturation magnetostriction for x = 32 exhibits a magneto-
striction as large as 170 ppm triggered by H, of 0.6 kOe at
180 K. Nonetheless, saturation magnetostriction for x =
30.5 is only 90 ppm at H; of 0.8 kOe at 250 K [14].

To manifest the capability of magnetostrictive materials
generating large magnetostriction by low H, we define the
“figure of merit” (FOM) by 4 ,/H,. Figure 1(b) shows
Fe-Ga alloys exhibit a large FOM, but the magnetostriction
is small. R, R _ Fe, alloys generate large magnetostriction;
nonetheless, the FOM is small. Notably, Feq;7Pd3,5 DS
alloy exhibits large magnetostriction together with large
FOM, revealing a better combined property than that of Fe-
Gaand R, R __Fe, alloys. Moreover, both magnetostriction
and FOM of Feq;7Pd3, 3 DS alloy are much better than
those of FeggsPds;3. A similar tendency happens in
polycrystalline alloys as well. The polycrystalline alloy
for x = 32 possesses higher magnetostriction maximum
together with better FOM than those for x = 30.5.

The inset of Fig. 1(b) compares the magnetostriction
curve for x = 32.3 at 120 K with those of Terfenol-D and
Feg;Ga,g alloys at room temperature. The Feg;Ga;q alloy
undergoes easy saturation, exhibiting magnetostriction of
190 ppm at H, of 0.5 kOe. The Terfenol-D undergoes
difficult saturation, displaying magnetostriction as large as
1000 ppm at high H; over 3 kOe. These results are
consistent with data in previous studies [6,15,16].
Notably, H, for x =32.3 at 120 K is comparable with
that of the Feg;Ga,q alloy; however, magnetostriction is
much larger. Furthermore, magnetostriction for x = 32.3 is
comparable with that of Terfenol-D, whereas its H, is much
smaller. Comparison of these magnetostriction curves
reveals that the Feq;,Pd3, 3 DS alloy is a soft and strong
magnetostrictive material.

Figure 2 shows comparison of the magnetic properties of
alloys with two compositions (x = 31.3 and x = 32.3),
providing details on the property jump by a slight increase
in Pd concentration. Figure 2(a) shows the temperature
dependence of magnetization of these two compositions. A
sharp decrease is observed around 212 K for x = 31.3,
indicating the occurrence of a first order martensitic
transformation. Thus, the martensitic transformation start
temperature (7,,) was determined. In contrast, the decrease
in the magnetization curve of x = 32.3 around 130 K is
much weaker than that of x = 31.3, indicating strong
suppression of the martensitic transformation due to 1
at. % Pd deviation. Actually, there is a strain glass transition
when x > 32. Thus, the temperature where weak decrease
in magnetization occurs for x = 32.3 corresponds to 7.

Figure 2(b) compares the temperature dependence of
magnetostriction of these two compositions. Black solid
squares in Fig. 2(b) represent the saturation magnetostric-
tion (4! during the first cycle of applying and removing
the magnetic field at each temperature for x =31.3. It
increases below T, while it decreases above T, with
heating. Thus, a peak at ~340 ppm appears around 7',.
Noteworthy is that magnetostriction cannot completely
recover after the first cycle, but becomes fully recoverable
in the following cycles [Figs. 2(d2) and 2(d3)]. This part of
recoverable magnetostriction (1y) for x = 31.3 is shown by
black hollow squares in Fig. 2(b). A exhibits a peak at
~280 ppm around 7T'),. Notably, deviation between the A}
and Ay appears below T,,. Above Ty, they overlap with
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FIG. 2. (a) Temperature evolution of magnetization for x =

31.3 and x = 32.3. (b) Temperature dependence of saturation
magnetostriction (4!%) during the first cycle and recoverable
magnetostriction (4%) for x = 31.3 and x = 32.3. (c) Temperature
dependence of H for x = 31.3 and x = 32.3. (d) Magnetostric-
tion curves for x = 31.3 at several temperatures, 295 (d1), 200
(d2), and 160 K (d3). (e) Magnetostriction curves for x = 32.3 at
several temperatures, 295 (el), 120 (e2), and 75 K (e3).

each other because magnetostriction becomes completely
recoverable, as illustrated by the magnetostriction curve at
295 K in Fig. 2(d1). According to literature [12,17], the
giant field-induced strain due to reorientation of meso-
scopic martensitic domains is generally unrecoverable in
FSMAs. Thus, the partially recoverable magnetostriction
for x = 31.3 indicates that the reorientation of mesoscopic
martensitic domains contributes to the magnetostriction.

Interestingly, a slight modification of Pd concentration
causes an impressive enhancement in 4. Red solid spheres
represent the A!* during the first cycle for x = 32.3. Similar
to the temperature tendency for x = 31.3, the magneto-
striction also increases below T, and decreases above T,
upon heating. Consequently, the A!*' peak for x = 32.3 is
~800 ppm at 120 K, which is 150% higher than the peak
for x = 31.3. Moreover, the magnetostriction of strain glass
also partially recovers below 7' [Figs. 2(¢2) and 2(e3)], and
completely recovers above 7', [Fig. 2(e1)]. The 4§ exhibits
a peak value around 640 ppm at 120 K, as shown by red
hollow circles in Fig. 2(b). This A peak for x = 32.3 is also
much higher than the 1 peak for x = 31.3.

Note that a large enhancement in magnetostriction by
slight modification of Pd concentration does not lead to the
increase of H,. Figure 2(c) exhibits similar change ten-
dency of H, for two compositions. They both remain
almost constant above the transition temperatures (7, for
x =313 and T, for x =32.3), and increase below the
transition temperatures with cooling. The field increment
for x =32.3 is less than that for x = 31.3 below the
transition temperatures. In particular, the H; for x =
32.3 is always less than 1 kOe above 90 K.

For obtaining the underlying reason for magnetostriction
enhancement with slight composition deviation, the phase
diagram of Feqy_,Pd, and the supporting data are shown in
Fig. 3. Figure 3(a) shows heat flow curves of different Pd
concentrations with cooling. A sharp heat flow peak
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FIG. 3. (a) Evolution of heat flow curves during cooling with x
variation. (b) Phase diagram of Fe,,_,Pd, alloys including frozen
strain glass region at x > 32. (c¢) Frequency dispersion of storage
modulus and internal friction curves during cooling for x = 32.
The ideal freezing temperature (7)) is yielded around 165 K by the
Vogel-Fulcher relation (inset). (d) ZFC/FC curves for x = 32 show
the broken ergodicity of strain glass. The inset figures schemati-
cally depict different frozen strain states evolved from the same
unfrozen one according to their different histories, respectively.

appears in the curve of x = 30.5, indicating the occurrence
of a first order martensitic transformation. With the further
increase in x, the heat flow peaks appear at lower temper-
ature and become weaker and broader. It reveals that Pd
atoms strongly reduce the thermodynamic stability of the
martensitic phase. When x is over 31.8, the heat flow peaks
become undetectable, indicating that the system enters a
nontransforming region, where a strain glass transition is
likely to be detected [18-20].

Figure 3(b) shows a new phase diagram of Feq,_,Pd,
FSMAs including a strain glass state [21,22]. The Curie
temperature is around 600 K for FeggsPd3q5 alloy, and
slightly increases with increase in x [23]. The austenite has
a face-centered cubic (fcc) phase and the martensite has a
face-centered tetragonal (fct) phase [21,24]. Increasing x
lowers T, drastically, and the martensitic phase trans-
formation disappears when x > 32 [20-24]. The high
sensitivity of transition temperature on the composition
may be attributed to the fact that tetragonal distortion in the
Fe-Pd magnetic shape memory alloys stems from a Jahn-
Teller-like effect [25]. In the nontransforming region
(x > 32), glassy behavior is detected [Figs. 3(c) and 3(d)].

Figure 3(c) demonstrates that both storage modulus and
tan o at x = 32 exhibit frequency dependence; i.e., the dip
(peak) temperatures in modulus (tan §) curves decrease
with lowering frequency. This is one typical feature of
strain glass [18,19]. The Vogel-Fulcher relation (@ =
wyexp[—E,/kg(T, —Ty)]) captures the slowing down of
dynamics during the glass transition, where @ is the
oscillating frequency, @, the frequency at infinitely high
temperature, E, the activation energy, 7 the temperature,
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and T, the ideal freezing temperature. Here it yields T,
around 165 K. (For details on the Vogel-Fulcher relation,
please refer to Ref. [18] and references therein.) The time
scale for relaxation of the nanodomains below T, can reach
10? s, obtained by fitting the so-called Cole-Cole plot [26].
(Supplemental Material, Fig. 1 [27]) Moreover, a nonsplit
single peak of (220);.. in XRD profiles keeps with cooling
across the strain glass transition (Supplemental Material,
Fig. 2 [27]), suggesting no change in average structure
accompanying the strain glass transition [18,19].

Figure 3(d) shows the evidence of broken ergodicity in
strain glass at x = 32, as indicated by zero-field-cooling
(ZFC)/field-cooling (FC) measurement [28]. Ferroic glass
transitions originate from the slowing down of kinetics;
therefore, a glassy system freezes into a certain thermody-
namic metastable state and loses the ergodicity below 7',
Breaking of ergodicity thus can be distinguished by the
deviation in the FC/ZFC curves below T, [Fig. 3(d)]. With
the increase in temperature above Tg, deviation in the
ZFC/FC curves gradually narrows and finally disappears,
thus indicating gradual recovery of the ergodicity of the
system above T,. Similar behaviors can also be found in
ferroelectric relaxor [29] and cluster spin glasses [30]. Thus,
it confirms a strain glass transition for x > 32.

Strain glass has been widely discovered in SMAs
[18,19,31]. Doping enough point defects into the marten-
sitic matrix destroys the long-range ordered martensitic
phase, and leads to the frozen short-range ordered strain
glass state [18,19]. Furthermore, the microstructure of
strain glass is a unique nanostructure with strain nano-
domains dispersed into the austenite matrix [32]. Moreover,
martensitic strain nanodomains are capable of growing
during cooling [33] or under an external stress [34], thus
leading to unique behaviors. Therefore, existence of such
nanodomains is also responsible for the significant
enhancement in magnetostriction by slight increase in Pd
concentration in Fe-Pd FSMAs (Fig. 4).

Figures 4(a) and 4(b) exhibit the microstructure of
martensite and strain glass, respectively. Figure 4(a) shows
the TEM bright image of x = 30.5 at 90 K (below T,),
exhibiting a mesoscopic martensitic variants structure, and
the corresponding electron diffraction pattern exhibits spot

(a)

La0K

FIG. 4. (a) Long-range ordered martensitic variants for x =
30.5 at 90 K (below Tj;) and (b) short-range ordered strain
nanodomains for x = 32 at 90 K (below T ).

splitting, which is taken from the [110], zone axis of fcc-
structured austenite [35]. Comparative analysis indicates
the absence of mesoscopic martensitic variants for x = 32
at 90 K (below T) [Fig. 4(b)]. Instead, nanosized mar-
tensitic domains are detected with no spot splitting in the
diffraction pattern along the [110], zone axis. From our
preliminary high-resolution TEM results, the local structure
of the nanodomains is likely to be tetragonal distorted.
However, further work is still needed to identify the exact
structural information. Oriented and short-rods-like mor-
phology of nanodomains at x = 32 is observed, which is
quite different from the morphology of the R-phase-like
nanodomains of strain glass in Ti-Ni-based alloys [18,32].
Noteworthy, Lloveras et al. [36] already predicted these
two morphologies of strain glass in the simulation studies
on interplay between elastic anisotropy and disorder in
martensites. They found the morphology of strain glass
varies from “glassy droplets” to “glassy tweed” with the
increase in elastic anisotropy of the system. Our work
experimentally confirms their prediction on glassy tweed
for the first time. These nanodomains indicate excess Pd
atoms successfully suppress the formation of mesoscopic
martensitic variants, and lead to a frozen nanodomains
dispersive two-phase nanostructure when x > 32.
Interestingly, a similar microstructure has also been
reported in Fe-Ga alloys [37-40]. There is a two-phase
nanostructure with DO; [ordered body-centered-cubic
(bcc) phase] nanoprecipitates embedded in the A2 (disor-
dered bcc phase) matrix [37,38]. Nanodomains come
from the tetragonal distortion of the nanoprecipitates.
Theoretical studies proposed that this type of two-phase
nanostructure possesses a low structural anisotropy, indi-
cating low energy barriers for nanodomain reorientation
[39,40]. These studies well explained the “soft” nature and
relative large magnetostriction of Fe-Ga alloys. However,
these nanodomains in Fe-Ga alloys are also restricted by
nanoprecipitates and are unable to grow under an external
field owing to the chemical difference between the pre-
cipitates and the matrix. Therefore, only a limited magne-
tostrictive enhancement can be generated by these
nanosized domains in Fe-Ga alloys due to their tiny size
and low proportion in volume, although small external field
is enough to induce the rotation of these nanodomains.
The microstructure of strain glass is analogous to the
nanoprecipitates dispersive nanostructure of Fe-Ga alloys;
therefore, strain glass can also be considered to possess low
energy barriers so that strain nanodomains readily rotate at
a low magnetic field. Thus, a low field can trigger a large
magnetostriction in strain glass. Moreover, notably, there is
a clear difference between them: the nanodomains are
restricted by nanoprecipitates in Fe-Ga alloys, whereas
such a restriction is absent in strain glass, owing to the
chemical homogeneity of the system. Consequently, herein,
the strain nanodomains are “alive” and able to grow under
external stimuli such as temperature [33], stress [34], and
magnetic field. Actually, the highest magnetostriction of
strain glass for x = 32.3 is around 800 ppm in this study,
significantly higher than the maximum of Fe-Ga single
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crystal [5,8]. Therefore, strain glass is more promising to
generate low-field-triggered large magnetostriction.

Though the concentrations of x = 31.3 and x = 32.3 are
close to each other, the corresponding states are quite
different. There is a long-range ordered martensitic phase
with mesoscopic strain domains for x = 31.3; however,
there is a short-range ordered strain glass state with
nanosized strain domains for x = 32.3. Obviously, a nano-
domains dispersive nanostructure is responsible for low-
field-triggered large magnetostriction.

Strain glass shares a lot of similarity with ferroelectric
relaxor, such as frequency dependence of responses and the
broken ergodicity [18,28]. Noteworthy, similar field-
induced strain behavior was also found in ferroelectric
relaxors [41,42]. In ferroelectrics, a low-field-triggered large
electrostriction always appears in the relaxor compositions
where polar nanodomains randomly distribute in the matrix
[41,42]. Thus, introducing the glass state to form nanoscale
ferroic domains in the matrix may be a useful recipe to
achieve a low-field-triggered large strain in ferroic materials.

Herein we reported a low-field-triggered large magneto-
striction of 800 ppm by the saturation field of 0.8 kOe in Fe-
Pd strain glass alloys. A magnetostriction enhancement
jumping from 340 to 800 ppm by a slight deviation with 1 at.
% Pd modification was observed. The microstructure of
strain glass with strain nanodomains dispersed into the
austenite matrix was found to be responsible for the unique
magnetostrictive behavior. This study indicates that intro-
ducing nanoscale strain domains may be an effective
approach to endow a number of FSMAs with novel proper-
ties, such as low-field-triggered large magnetostriction.
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