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The reversible stress-induced magnetization (inverse magnetostriction or Villari effect) has been 

measured in a polycrystalline Ni-Fe-Ga-Co ferromagnetic martensite. The samples were 

mechanically excited using longitudinal resonant oscillations at frequencies close to 100 kHz, and 

experiments were performed over the temperature range 170 – 350 K under variable polarizing 

fields. It has been found that the reversible inverse magnetostriction changes its sign under low 

polarizing fields over a certain temperature range with its upper limit close to the Curie 

temperature. We argue that the variations of sign of the reversible inverse magnetostriction effect 

are related in the present experiments with the change of the sign of magnetostriction, as has 

additionally been verified in test measurements performed for pure Ni and Fe. The observed 

peculiarity of magnetoelastic coupling is also reflected in the temperature dependence of electrical 

resistance and even produces a minor effect in calorimetry scans. Possible origins of these features 

of magnetoelastic coupling are discussed.  
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���,QWURGXFWLRQ� 
Magnetically ordered alloys undergoing a thermoelastic martensitic transformation have been attracting 

considerable attention due to the possibility of inducing large strains by magnetic field [1,2] and 

producing high magnetocaloric effect [3,4]. These alloys demonstrate a number of structural 

modifications, both in the martensitic and parent phases, like magnetic anomalies [5-9] and 

intermartensitic transformations [10-14] a clear physical origin for which is still lacking. The above 

mentioned anomalies have been studied by means of measurements of the electrical resistance, 

calorimetry, elastic and anelastic properties as well as variety of magnetic characteristics.  

Recently, a technique for mechanomagnetic spectroscopy has been designed, based on measurements of 

the reversible inverse magnetostriction effect under periodic stress simultaneously with elastic and 

anelastic properties of ferromagnetic materials over wide ranges of temperatures, mechanical stress 

amplitudes and under variable polarizing magnetic field [15]. The designed technique is a new 

development of previous experimental works in which periodic stress/strain induced magnetization of 

ferromagnetic materials has been studied [16-19]. In the present work, the following experimental 

facilities have been introduced in the experimental studies of the reversible inverse magnetostriction: i) 

determination of the phase of the stress-induced induction (in contrast to just rms values registered 

before); ii) simultaneous study of magnetic and anelastic properties; and, the most important, iii) 

possibility to perform the experiments over wide temperature ranges, whereas previously the 

measurements were made only at ambient temperatures. This technique has already been applied to 

compare the dynamics of elastic and magnetic domain boundaries in Ni-Fe-Ga polycrystalline 

ferromagnetic martensites [20]. In the present work we focus our attention on two aspects related to i) 

methodology of studying magnetoelastic effects, and ii) specific experimental results revealing so far 

unknown peculiarities of magnetoelastic coupling in ferromagnetic martensites. As far the first aspect is 

concerned, it should be reminded that the differential direct and inverse magnetostriction effects are 

linked [21] through the Maxwell relations:   
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where O, +, % and σ are the length of the sample, magnetic field, induction and stress, respectively.  

Applying a method similar to the one used in determining the magnetocaloric effect, one easily obtains 

from (1) the magnetostriction λ ∆O�O upon application of a field + as a function of differential inverse 

magnetostriction:  
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It should be noted here that the experimental method used in the present work yields a periodic magnetic 

response of the crystal with induction amplitude 0%  to a periodic mechanical stress with an amplitude 

0σ , the action of the latter being equivalent to application of a certain anisotropy field +σ. Estimations 

have shown that the magnitude of the stress anisotropy field is of the order of only 10 A/m for 

characteristic stress amplitudes of around 1 MPa [20]. Therefore, in the presence of a static bias field up 

to 20 kA/m, the periodic stress produces a small oscillatory anisotropy field superimposed on the biasing 

field. The stress-induced induction in the studied Ni-Fe-Ga-Co alloy is essentially linear with respect to 

stress amplitude within the range of 0σ  employed, 00 σ∝% , very much like in the ternary Ni-Fe-Ga 

system [20]. Therefore, their ratio, following Bozorth notation [21], 00 σ%=Λ , is stress-amplitude 

independent and in the presence of static biasing field should be treated as reversible inverse 

magnetostriction 
0
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. Maxwell-type relations are also fully applicable to the reversible direct 

and inverse magnetostriction effects, as has been confirmed experimentally for steel [22] and nickel 

polycrystals [23], reflecting the relationship between the “motor” and “generator” coefficients of a 

ferromagnet [24].  Therefore, measured stress-induced magnetization reflects not only the reversible 

inverse magnetostriction, but also, through the Maxwell-type relation, the reversible direct 

magnetostriction. Thus, plots of 00 σ% versus +, or 00 σ% versus 7 (or simply % � �+� and % � �7� if the 

stress amplitude σ �  is kept constant) reflect correspondingly the field and temperature dependences of 
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the reversible magnetostriction of the material, so that one can equally well use both these terms to 

characterize the observed magnetoelastic effects. Reversible and differential characteristics (direct and 

inverse magnetostriction, permeability) are equal only under hysteresis-free conditions. In that case 
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In the presence of hysteresis the reversible magnetostriction differs notably from the differential one [25] 

and (3) breaks. Moreover, experiments show that the reversible inverse magnetostriction measured in the 

ultrasonic frequency range is substantially lower than the static one [16]. Nevertheless, we will use (3) 

later on to evaluate the magnetostriction from reversible inverse magnetostriction in the case of 

quenched Ni-Fe-Ga-Co samples which demonstrate a very low value of coercive field. Similar 

estimations will be done also for reference samples of Fe and Ni in order to check the signs and compare 

the magnitudes of the magnetostriction obtained in these materials using the present technique.  

 

���([SHULPHQWDO�WHFKQLTXHV�DQG�PDWHULDO�
Ultrasonic resonant oscillations of a four component oscillator (two quartz transducers, intermediate 

non-magnetic bar produced from low-damping Al-Mg alloy and the sample) were generated by means of 

the equipment described elsewhere [26]. Each element of the composite oscillator, operating at a 

frequency of around 100 kHz, was measuring half ultrasonic wave length in the corresponding material.  

The stress-induced induction produced in the sample by an oscillatory stress/strain in a standing wave 

was detected by a small pickup coil (with a height of 2 mm) placed around the oscillatory stress anti-

node in the middle of the sample. The magnitude (modulus) and the phase of the stress-induced 

induction were determined using an EG&G 5208 lock-in amplifier with an upper frequency limit of 200 

kHz. The reference signal was produced from the AC voltage drop on an active resistance by the current 

flowing through the gauge quartz, which is proportional to and is in phase with the velocity at the end of 

the transducer [27] (which has the same value for each element of the composite oscillator due to the 

continuity property).  Measurements of the modulus and the phase of the magnetization were performed 
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for a fixed value of applied magnetic field as a function of temperature and also for different fixed 

temperatures under cyclic polarizing field. In these experiments the oscillatory amplitude of the sample 

was typically kept constant at 1×10-5 or 2×10-5. The polarizing field was generated by a solenoid with a 

length of 400 mm, coaxial with the composite oscillator. The constant value or a periodic ramp of the 

excitation current was produced by means of a KEPCO BOP 72-6 bipolar power supply in the current 

control mode. The frequency of the current ramp was 0.002 Hz which enabled us to take 256 

measurements of resonant frequency, internal friction and stress-induced magnetization for each cycle of 

polarizing magnetic field. 

DSC tests were performed by means of a Mettler DSC 823 calorimeter under a cooling/heating rate of 

10 K/min. The real and imaginary parts of the AC electric impedance of the samples were determined 

over the temperature range 80-400 K by a standard four probe method using EG&G 5204 lock-in 

amplifier. A squid magnetometer (QD MPMS XL-7 SQUID) was used in measurements of low-field 

(3.5 Oe and 20 Hz) magnetic AC susceptibility. 

A Ni53.5-Fe16.5-Ga27-Co3 alloy was produced by induction melting from 99.99% purity elements in Ar 

atmosphere. Rectangular samples with dimensions of approximately 17×1.5×1.5 mm were spark cut 

from the ingot, annealed at 1020 K for 1.2 ks and water quenched (WQ) or slowly cooled (SC) in the air. 

The Curie and the DSC peak temperature of the direct martensitic transformation for the SC samples 

were found to be 327 and 360 K. Quenching produces a strong martensite stabilization effect in the 

present alloy [28]. The major feature of the stabilization effect is a substantial shift to higher 

temperatures of the first reverse transformation after the thermomechanical treatment, which usually 

disappears in the second and subsequent reverse transformations. In the present alloy the first reverse 

transformation is displaced to around 570 K. The direct and reverse transformation temperatures 

registered after the first reverse transformation (when the stabilization effect is removed) return to their 

values of around 340 and 350 K, respectively. According to the results previously obtained for the 

present alloy [28], water quenching and slow cooling produce samples with low and high degrees of the 

long-range atomic ordering, respectively. Quenching results also in a rather diffuse para-ferromagnetic 

transition, for which the Curie temperature can be estimated as 277 K. Magnetoelastic properties were 

studied in three WQ and two SC samples, which showed a good reproducibility of data.   
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Polycrystalline samples of 99.99% purity iron and nickel, for which magnetostriction data are well 

documented were used as a reference material. Samples were annealed in an evacuated quartz tube for 7 

hrs at 1170 K (Fe) and 3 hrs at 1270 K (Ni) and slowly cooled.  

 

���([SHULPHQWDO�UHVXOWV�

�
�����7HVW�VDPSOHV�RI�)H�DQG�1L�
Figure 1 depicts the data on stress-induced induction obtained at 293 K for a test sample of 

polycrystalline iron. Figure 1(a) shows the magnitude of the magnetic signal under cyclic polarizing 

field. Full symbols stand for the initial quarter cycle measured for the demagnetized state of the sample, 

open symbols demonstrate the hysteresis registered in the second cycle of polarizing field. One sees two 

well-defined minima of the signal for each half cycle of applied field with different polarity. The 

registered phase of the induction signal with respect to mechanical stress is represented in figure 1(b) by 

a cycle A-B-C-D-E-F-G-H-I-J. The instantaneous jumps B-C, E-F and H-I of the phase by 360 degrees 

reflect the change of the range of the measuring device. In addition to these 360 degrees jumps, six 

rather rapid variations of the phase by ∼180°, enumerated from 1 to 6 in figure 1(b), can be observed for 

each period of applied field. Figure 1(b) depicts also a continuous curve (after correcting the measured 

data by eliminating the 360 degrees jumps related to the change of the range of lock-in amplifier 

between -180 and +180 degrees) in which these six variations of phase are clearly visible. Variations of 

the phase by 180 degrees reflect the change of the sign of the magnetic response to applied stress and 

coincide with the minima of the induction magnitude, figure 1(a). Two of the phase shifts by 180°, 1 and 

4, occur with a large hysteresis, whereas four others – 2,3 and 5,6 - form two pairs of fairly reversible 

phase variations. The real part of the induction, calculated from the modulus and the phase signal, is 

represented in figure 1(c). The imaginary part of the stress-induced induction in iron, as well as in the 

Ni-Fe-Ga-Co alloy studied, remains quite small with respect to the real one, and will be disregarded in 

the present paper. Two variations of the sign of magnetic induction occur at the points of the loop 

corresponding to the coercive field + 	 . They correspond to the phase variations, 1 and 4, figure 1(b), 

which occur with a strong hysteresis. Change of the sign of the inverse magnetostriction in points + 	  and 
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±+ 	  is an obvious effect, related to a change of the direction of preferential magnetic moments alignment 

without applied stress. As it is well known [29,30], applied stress σ induces uniaxial anisotropy: if 

0>λσ , where λ is the magnetostriction coefficient, the stress direction is an easy axis and magnetic 

moments tend to align along the applied stress (along the easy axes closest to the stress direction in 

anisotropic materials), if  0<λσ , the stress creates an easy plane perpendicular to the stress axis. Thus, 

for different directions of the internal field (i.e. preferential domain alignment), the same positive 

(tensile) stress in the case of positive magnetostriction λ will tend to additionally align magnetic 

moments along the sample axis in opposite directions and therefore will produce the flux variations of 

different signs through the pickup coil. The same is true for the compressive stress in the case of 

negative magnetostriction.  

The λ�+��dependence obtained for the initial quarter of cycle from the demagnetized state of a sample 

using (3) is also shown in figure 1(c). The data thus derived demonstrate a maximum at around 13 kA/m 

and a change of the sign at around 16 kA/m. Such behaviour of the fractional length change with applied 

field is a “ signature”  of polycrystalline iron, related to the interplay of contributions of positive 100λ  and 

negative 111λ  magnetostriction constants and corresponds well with the results of classical works 

[29,30]. The real part of the reversible inverse magnetostriction and calculated fractional length change 

for a Ni sample are shown in figure 2. In full agreement with available data [29,30] λ�+� demonstrates 

no change of the sign of magnetostriction, which is opposite to the sign obtained for Fe in low fields, the 

absolute values of the magnetostriction being nearly an order of magnitude higher with respect to Fe. 

The absolute values of magnetostriction calculated from the reversible inverse magnetostriction are 

substantially lower than the well established data on static fractional change of the length [29,30]. This 

discrepancy, as discussed in the Introduction section, should be attributed to the existence of the 

magnetic hysteresis in both materials and using rather high frequencies of around 100 kHz. However, 

despite the difference in absolute values of magnetostriction obtained from (3) and static fractional 

length change, the method used detects perfectly qualitative peculiarities of λ�+� dependences in both 

test materials used (e.g., different signs of magnetostriction in polycrystalline Ni and Fe, substantial 

difference in their absolute values and the change of the sign of λ(H) in Fe for increasing fields). As a 
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summary, test experiments with reference Fe and Ni samples successfully detect characteristic features 

of magnetostriction behaviour in these materials despite the restrictions imposed on application of (3) as 

discussed above in the Introduction section, and, thus, confirm the applicability of this technique to study 

qualitative peculiarities of magnetoelastic coupling.  

 

�����)HUURPDJQHWLF�1L�)H�*D�&R�DOOR\�
Figure 3 shows the temperature spectra of low-field susceptibility for a WQ and SC samples of the Ni-

Fe-Ga-Co alloy. The para-ferromagnetic transition is well defined in SC sample, possessing a high 

degree of long-range atomic order, with a sharp peak at 318 K, just below the Curie temperature of 327 

K, determined from the maximum slope of the permeability versus temperature. Such peak in 

permeability is often referred to as Hopkinson peak and is observed in a variety of ferromagnetic 

materials, see e.g. [31,32]. On the contrary, the transition is rather diffuse in a disordered WQ sample. 

The Hopkinson-type peak cannot be detected and the Curie temperature, determined in the same way as 

in SC sample, is around 277 K.  

Figure 4(a) represents the temperature spectra of the magnitude of stress-induced induction registered 

under constant polarizing field and oscillatory strain amplitude for several WQ and SC Ni-Fe-Ga-Co 

samples. According to figure 4(a), certain features of the behaviour of the magnetoelastic coupling close 

to the para-ferromagnetic transition closely remind the data on low-field susceptibility, figure 3: the 

transition as detected by the inverse magnetostriction is sharp and is also accompanied by the 

Hopkinson-type peak at 318 K for SC samples, whereas the para-ferromagnetic transition is diffuse in 

WQ samples. Above the 7 	 , the inverse magnetostriction gradually decreases with increasing 

temperature, much like the permeability does. However, one immediately notices an essential difference 

between the permeability and inverse magnetostriction spectra, which consists in the presence of several 

minima in the stress-induced magnetization: the first one being situated just above the Curie 

temperature, the second one well in the ferromagnetic state of the material at around 210-240 K. Figure 

4(b) evidences that each minima of the inverse magnetostriction, as in the case of iron samples, figure 1, 

corresponds to a change of the phase of the stress-induced induction by approximately 180°. In other 

words, the reversible inverse/direct magnetostriction in Ni-Fe-Ga-Co alloy changes its sign twice: just 
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above the Curie temperature and at lower temperatures in the ferromagnetic state.  

Figure 4(c) indeed demonstrates that the real part of the stress-induced magnetization, calculated from 

the modulus and the phase data, crosses the temperature axis twice. In each zero-crossing point, the 

magnetization of the sample is not affected by the applied periodic stress. The points, wherein the 

magnetization of a ferromagnet looses its sensitivity to applied stress are known as Villari critical points 

[29]. In the case of a small periodic excitation and reversible magnetostriction, such points have been 

referred to as differential reversible Villari critical points [16]. The sign of the stress-induced induction 

at high and low temperature sides of the temperature spectra is the same as in Fe sample for low values 

of polarizing field. That means that the reversible direct/inverse magnetostriction is positive at high and 

low temperatures and is negative in the intermediate temperature range. However, observations of 

change of the sign of reversible inverse magnetostriction in temperature spectra does not necessarily 

imply the change of the sign of magnetoelastic coupling: the change of the sign of reversible inverse 

magnetostriction corresponds just to passing through an extremum in %�σ� (or λ�+�) dependence if it is 

not monotonous and the position of the extremum is temperature-dependent. Studying the reversible 

inverse magnetostriction as a function of + allows one to clarify whether or not the static 

magnetostriction λ also changes its sign. Figure 5 (a) to (d) shows the magnitude of the stress-induced 

induction registered in a WQ sample at different temperatures under cyclic polarizing field. The results 

demonstrate a dramatic variation of these magnetic “ signatures”  in the vicinity of zeros of the inverse 

magnetostriction. The magnetic field dependences show different types of behaviour, with (for example, 

for temperatures from T=231 to T= 273 K) or without (T=200, 215 K) several minima/maxima, which 

change qualitatively upon relatively small variations of temperature. Analysis of the in phase component 

of magnetization, figure 6 (a) to (d), allows one to clarify different tendencies. Over the temperature 

range from 200 to 266 K the hysteresis loops are very narrow: the hysteresis is even difficult to 

distinguish in figure 6 (a) and (b). With increasing temperature the loops turn to rotate clockwise 

(corresponding thus to lower absolute values of magnetoelastic coupling), and, in addition, a dip appears 

at low polarizing fields whose minimum position is temperature-dependent and which displace the 

stress-induced induction into the 2nd and 4th quadrants from the 1st and 3rd ones. The positioning of the 

hysteresis loops in the 2nd and 4th quadrants means that Λ becomes negative. The minimum value of % �  in 
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the 2nd quadrant and the maximum in the 4th one are reached at around 250 K, figure 6(b). At higher 

temperatures, between 250 and 275 K, figure 6(c), the hysteresis loops displace backwards to their initial 

positions in the 1st and 3rd quadrants. In that case, however, the position of the minima/maxima along the 

field axis is essentially unchanged. Interestingly, this transformation of hysteresis loops is accompanied 

by appearance of a notable hysteresis at low applied fields. Between 273 and 288 K, figure 6(d), the 

motion of the loops towards the 1st and the 3rd quadrants continues. Finally, somewhat above 275 K the 

loops return completely to their initial positions in the 1st and the 3rd quadrants. Thus, a reversible change 

of the sign of the inverse and, hence, direct reversible magnetostriction effect takes place over a certain 

temperature range, which depends on the magnitude of the polarizing field. For high values�of polarizing 

field, the magnetostriction always remains in the 1st and the 3rd quadrants, i.e., it always remains positive. 

For the external field of 4.25 kA/m these transitions occur around 240 and 275 K, in full agreement with 

data of figure 3, although the temperature spectra and hysteresis loops shown in figure 6 correspond to 

different samples.  

The very narrow (in the limit, disappearing) hysteresis in WQ samples implies that the reversible 

inverse/direct magnetostriction becomes closer to the differential one: 
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loops according to (3) yields in that case a very reasonable estimation 

for the qualitative behaviour of the field dependence of the static magnetostriction λ�+�. The results of 

such integration are depicted in figure 7. We mention first of all that the magnetostriction is positive 

(like in iron at room temperature and low fields) at high and low temperatures. For the intermediate 

temperatures and relatively small values of polarizing field (below approximately 18 kA/m) the 

magnetoelastic coupling changes its sign. The values of polarizing field for which the λ�+��dependences 

change their sign are the Villari (in that case not differential) critical points, wherein the magnetization 

looses its sensitivity to stress.  

Figure 8 depicts similar�% � �+� hysteretic loops for one of the SC samples. Two plots, figures 8(b) and 

8(d), again reflect the behaviour of the alloy close to the two differential Villari critical points. The most 

striking difference between WQ and SC samples is that the hysteresis is practically absent in the former 
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below the Curie temperature, figure 6, whereas the hysteresis is quite wide in the latter. However, similar 

to the WC samples, the hysteresis loops change their positions in the vicinity of the two differential 

Villari points from the 1st and 3rd quadrants to the 2nd and the 4th and vice versa. Existence of the 

hysteresis facilitates observation of the fact that simultaneously with such rotation of the loops, the 

change of the direction of the circulation along the loops takes place. This effect can be illustrated by 

figure 8(b). One sees that on lowering temperature from 262.4 K to 250 K a “ neck”  appears in the 

middle part of the loop, the direction of the circulation being the same. In between 250 and 244 K the 

two parts of the formed “ neck”  collapse and switch their positions. This results in the inversion of the 

circulation direction along the central part of the loop, keeping, however, the former direction of the 

circulation close to the extremities of the loops. The latter completely disappears upon further cooling by 

just a few degrees down to 240 K. Figures 8(d) and 6(d) demonstrate that, despite the substantial 

difference in the coercive force between SC and WQ samples below the Curie temperature, the 

behaviour of the loops close to the differential Villari point just above 7 	  is essentially the same. The 

presence of a significant magnetic hysteresis in SC samples does not allow one to obtain the λ�+� 

dependences similar to those for WQ samples, figure 7. Nevertheless, we believe that the similarity of 

the temperature spectra (figure 4) and of the effect of temperature and magnetic field on the % � �+� 
dependences (figure 8) give a clear evidence of a similar change of the sign of magnetoelastic coupling 

in SC samples as in the WQ ones.  

�

���'LVFXVVLRQ�

�
����9LOODUL�FULWLFDO�OLQH�LQ�+�7�SODQH�
The present results, as shown in figure 7, indicate that the magnetostriction λ in the Ni-Fe-Ga-Co alloy is 

negative over certain temperature-polarizing field domain and positive otherwise. Thus, a Villari critical 

line can be drawn on the +�7 plane, separating domains with positive and negative magnetostriction, as 

is shown in figure 9. The high-temperature limit of the region of negative magnetostriction is close to the 

Curie temperature, just where the magnetic domain structure is being formed. This fact is confirmed by 

the simultaneous shift of this high-temperature limit together with the 7 	  for WQ and SC samples, in 
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which the Curie temperatures are substantially different. In general, one should not be surprised that 

certain magnetoelastic coupling can be detected above the 7 	 . For example, the exchange 

magnetostriction can be detected in Ni at least some 150 K above the 7 	  [33].  

 

�����:LGWK�RI�PDJQHWRHODVWLF�K\VWHUHVLV�LQ�TXHQFKHG�DQG�DJHG�VDPSOHV��
A very narrow hysteresis of magnetoelastic coupling registered in quenched samples and a broad one in 

slowly cooled ones look strange, since quenched samples contain more defects, which are expected to 

impede the mobility of domain walls. Indeed, the studies of magnetization loops for a Ni50Mn27Ga23 

alloy reveal an opposite tendency: the coercivity is higher for disordered samples than for ordered ones 

[34]. In this respect, it is worthwhile to comment, first of all, that the width of domain walls in 

ferromagnetic materials is rather high. The magnetization vector rotates in a 180° degree Bloch wall over 

the distance [35] 
1

2

2
4 .

0O/ ��
 �

µ
≈ , where O � �  is the exchange length, 0s and .1 are the saturation 

magnetization and anisotropy constant, respectively. Taking the magnetocrystalline anisotropy constant 

for a Ni-Fe-Ga-Co alloy of similar composition .1∼ 1×105 kJ/m3 [36] and the characteristic values of the 

exchange length � �O ∼30 Å [35], �00µ ∼1 T, one obtains /∼100 Å. On the other hand, quenched 

ferromagnetic shape memory alloys possess a low degree of long-range L21 order and very small ordered 

domain size, with a characteristic dimension in ternary Ni-Fe-Ga alloys of the order of only 100-300 Å 

[37]. Ordered samples, on the contrary, possess high degree of atomic order and ordered domains ∼ 2000 

Å [37]. Antiphase domain boundaries are known as efficient pinners of the magnetic domain walls 

[34,38]. However, the size of ordered domains in WQ samples is of the same order of magnitude as the 

width of the magnetic domain wall. That means that, statistically, all positions of a magnetic domain 

wall with respect to the antiphase boundaries are equivalent, meaning that the pinning effect is absent. 

On the contrary, in ordered samples the ordered domain size is much higher than the magnetic domain 

wall width and antiphase boundaries represent efficient obstacles for domain walls. Another interesting 

observation, related to the abovementioned interpretation is that WQ and SC samples demonstrate 

similar hysteresis above the Curie temperature, where the magnetic domains are not as yet formed and 

only short-range magnetic ordering exists. Under these circumstances, i.e. somewhat above the 7 	 , the 
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coercive force for WQ samples becomes even much higher than well in the ferromagnetic state, cf. 

figures 6(c) and 6(a), although the magnitude of magnetoelastic coupling is very low above the 7 	  as 

compared to the ferromagnetic state. Opposite effects of the degree of ordering on the magnetic 

hysteresis obtained in the present work and reported in [34] are probably related to substantially larger 

antiphase domains in Ni-Mn-Ga than in Ni-Fe-Ga alloys. Indeed, even in WQ Ni-Mn-Ga samples the 

domain size can be estimated as being of the order of 100 nm [39], whereas in ordered samples the 

domain size exceeds ~ 103 nm. Under these circumstances, antiphase domain boundaries become 

efficient pinners even in WQ samples. Since WQ samples have higher density of antiphase boundaries 

(which are now efficient pinners) than ordered samples, the coercivity of disordered samples is higher 

than that of the ordered ones.  

 

�����2WKHU�PDQLIHVWDWLRQV�RI�WKH�SHFXOLDULWLHV�LQ�PDJQHWRHODVWLF�FRXSOLQJ.  

The observed variations of sign of magnetoelastic coupling are limited to the range of rather low applied 

fields. Therefore, they can be detected by magnetic as well as by any other type of measurements only 

under low magnetic fields, whereas any possible anomaly should disappear for measurements under high 

fields. This is exactly the feature of the anomalies observed in the temperature dependence of the 

magnetic susceptibility in ternary Ni-Fe-Ga martensite over similar temperature range [9]. From this 

point of view, one can speculate that the observed peculiarities of the magnetoelastic coupling in 

ferromagnetic martensites can be the driving force for the variety of the abovementioned 

structural/microstructural rearrangements [5-14] detected by calorimetry, resistivity and internal friction 

measurements, since these experiments are performed typically under zero applied field. Additional 

calorimetry and AC impedance measurements have been performed in order to verify this hypothesis.  

Figure 10 shows the temperature spectra of the real part of the AC impedance of the SC sample. The 

data in figure 10 were obtained for a low frequency of 21.7 Hz, making negligible the contribution of 

skin-effect to the real part of the AC impedance [40]. Therefore, the resistance in figure 10, although 

measured with AC, asymptotically reflects the direct current resistance. The parts of the temperature 

spectrum below ∼ 230 K and above this temperature up to the 7 	  can very well be fitted by straight lines, 

with a change of the slope close to the Villari critical point. Two different samples showed similar 
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behaviour, reproducible on cooling and heating, much like the observed anomaly of the magnetoelastic 

coupling. Thus, resistivity data clearly demonstrate a change of the temperature coefficient of the 

resistance just at the Villari critical point. 

Figure 11 shows the results of the calorimetry tests performed for a SC sample. Similar data were 

obtained for 5 different SC samples. One can distinguish small peculiarities of the heat flow at 

temperatures of around 320 and 240 K, which correspond to the 7 	  and the observed Villari critical 

point. In fact, since the high-temperature Villari critical point is close to the 7 	  temperature, they cannot 

be separated in the DSC results. One can notice even a slight change of the slope of the DSC curve both 

at 240 and 320 K, pointing to a change of the heat capacity value. It is tempting thus, based on the results 

of DSC and AC impedance studies, to conclude that the observed variations of the sign of 

magnetoelastic coupling slightly affect also transport and thermodynamic properties of the Ni-Fe-Ga-Co 

alloy.  

 

�����3RVVLEOH�RULJLQV�RI�YDULDWLRQ�RI�VLJQ�RI�WKH�PDJQHWRHODVWLF�FRXSOLQJ�
Although the polycrystalline ferromagnets are isotropic through compensation, the isotropic treatment of 

magnetostriction is not appropriate. For example, for crystals with cubic symmetry the anisotropic 

saturation magnetostriction of a polycrystalline aggregate without texture, obtained by averaging of 

strain over each crystallite, is a linear combination of two magnetostriction coefficients, 2,γλ  and 2,ελ  

[30]. If these coefficients have different signs, the magnetostriction of a polycrystalline aggregate can 

demonstrate non-monotonous dependence or even a change of sign, for example as a function of applied 

field [29]. Polycrystalline iron is a classical example of such situation [29,30]. Thus, changes of the sign 

of magnetoelastic coupling in a temperature domain, observed in the present work, can be attributed to a 

similar mechanism, assuming that some of the magnetostriction coefficients in low-symmetry 

martensitic phase have opposite signs and demonstrate different temperature dependence. This 

hypothesis implies that just a smooth variation with temperature and applied magnetic field of the linear 

combination of the magnetostriction constants occurs, which produces the change of the sign of net 

magnetostriction in polycrystalline aggregates. However, according to this scenario, no anomalies are 

expected in the resistivity and DSC data, which actually point to substantial structural/microstructural 
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rearrangements occurring at the Villari critical line. Therefore, one cannot discard another interpretation 

of the observed peculiarity of magnetoelastic coupling, related to possible changes of signs of 

magnetoelastic constants themselves. Namely, the contributions of two- and single-ion coupling to 

anisotropic magnetoelastic coupling coefficients can be of the same order of magnitude and have 

opposite signs, and in that case, the anisotropic magnetostriction coefficients can demonstrate extrema or 

changes of sign [30]. 

Unfortunately, low symmetry of martensite and polyvariant structure of samples makes difficult the use 

of single crystalline samples to distinguish between the two possible mechanisms discussed. However, 

we believe that observation of sharp minima in temperature spectra of inverse magnetostriction in the 

austenitic phase of a polycrystalline ternary Ni-Fe-Ga alloy [15] reflects the existence of similar 

variation of sign of magnetoelastic coupling in the austenitic cubic phase as well. Therefore, 

investigation of austenitic single crystals of different orientation should provide a key to identify the 

specific origin of the observed peculiarity of magnetoelastic coupling. This work is ongoing.  

 

���&RQFOXVLRQV�
- Measurement of the inverse magnetostriction effect is an efficient and convenient method of 

investigations of the magnetoelastic coupling in ferromagnetic materials. 

- The inverse and direct magnetostriction in a polycrystalline Ni-Fe-Ga-Co ferromagnetic shape 

memory alloy demonstrates a variation of its sign over a certain temperature range. The variation of the 

sign of magnetoelastic coupling is restricted to low values of polarizing field. We suggest that the 

observed peculiarity of the magnetoelastic coupling might be at the origin of as yet not well understood 

structural/microstructural effects detected in ferromagnetic shape memory alloys by calorimetry, 

internal friction, resistivity and also in magnetic properties at low polarizing fields.  
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Figure 1. Stress-induced induction of a polycrystalline sample of Fe (ultrasonic strain amplitude of 1×10-5, 

temperature T=293 K) versus cyclic polarizing field with a frequency of 0.002 Hz: a) absolute value of the 
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amplitude of stress-induced induction; b) phase of the induction with respect to strain/stress amplitude; 

letters A to J indicate a full cycle of phase variation, numbers from 1 to 6 – rapid variations of the phase by 

180 degrees. Open symbols represent the phase measured in experiment, crosses – values after correction 

of jumps B-C, E-F, I-H of 360 degrees corresponding to the changes of range of the measuring device 

between + 180 and -180 degrees; c) real part of the amplitude of the stress-induced induction. Data are 

shown for the second cycle of applied field, full symbols in (a) and (c) stand for the first quarter of the 

cycle starting from the demagnetized state of the sample. Solid line in (c) shows the result of the 

integration, according to (3), of the real part of the % �  /σ �  ratio for the first quarter cycle of polarizing field 

starting from the demagnetized state of the sample. Arrows indicate the direction of field change.  

          

 

Figure 2. Real part of the amplitude of the stress-induced induction in a polycrystalline Ni sample 

(ultrasonic strain amplitude 3×10-7, temperature 293 K) versus cyclic polarizing field with a frequency of 

0.002 Hz. Empty symbols stand for the second cycle of polarizing field, full symbols – for the first quarter 

cycle starting from demagnetized state. Solid line shows the result of the integration, according to (3), of 

the real part of the % �  /σ �  ratio for the first quarter cycle of polarizing field starting from the demagnetized 

state of the sample. 
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Figure 3. Temperature spectra of the low-field susceptibility for water quenched (WQ) and slowly cooled 

(SC) samples of a polycrystalline Ni53.5-Fe16.5-Ga27-Co3 alloy.  
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Figure 4. Temperature spectra of stress-induced induction of water quenched (WQ) and slowly cooled 

(SC) samples of a polycrystalline Ni53.5-Fe16.5-Ga27-Co3 alloy under constant values of oscillatory strain 

amplitude and polarizing field: a) absolute value of the amplitude of stress-induced induction normalized 

by oscillatory strain amplitude; (b), (c) - phase and the real part of the induction with respect to 

strain/stress for the water quenched and slowly cooled samples, respectively. WQ sample#1: oscillatory 

strain amplitude of 2×10-5, polarizing field 4.25 kA/m;WQ sample#2: oscillatory strain amplitude of 1×10-

5, polarizing field 2.8 kA/m;SC sample #1: oscillatory strain amplitude of 2×10-5, polarizing field 2.8 
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kA/m; SC sample #2: oscillatory strain amplitude of 1×10-5, polarizing field 2.8 kA/m. For WQ sample #1 

and SC sample#1 data for cooling and heating scans are shown to demonstrate reversibility of the data, 

WQ sample #2, SC sample #2 –measurements during cooling. 
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Figure 5. Absolute values of the amplitude of stress-induced induction for a water quenched sample #2 of 
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a Ni-Fe-Ga-Co alloy (ultrasonic strain amplitude of 2×10-5) versus cyclic polarizing field with a frequency 

of 0.002 Hz for temperatures 200-231 K (a), 231-266 K (b), 266-273 K (c) and 273-288 K (d). Arrows 

show directions of the circulation along the loops.  
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Figure 6. Real part of the stress-induced induction (corresponding to the data in figure 5) versus cyclic 
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polarizing field. Arrows show directions of circulation along the loops. 

               

Figure 7. Field dependences of the direct/inverse magnetostriction for several temperatures, as obtained by 

integration of first quarter cycles of hysteresis loops from figure 6.  
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Figure 8. Real part of the stress-induced induction versus cyclic polarizing field for a slowly cooled sample 
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#2 of a Ni-Fe-Ga-Co alloy for temperature ranges 170-240 K (a), 240-260 K (b), 260-290 K (c) and 329-

343 K (d). Oscillatory strain amplitude 2×10-5, frequency of the cyclic polarizing field 0.002 Hz. Arrows 

show directions of circulation along the loops. 

                              

Figure 9. Schematic representation of the position of Villari critical line separating regions of positive and 

negative magnetostriction on +�7 plane.  

                    

Figure 10. Temperature dependence of the resistance (in arbitrary units) of a slowly cooled sample of a Ni-

Fe-Ga-Co alloy. Thin lines show fittings of the two parts of the dependence (below 240 K and between 

240 K and the Curie temperature, 7 	 , by linear functions.  
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Figure 11. Heat flow G4�GW�and its temperature derivative G � 4�GWG7 registered during cooling scan for a 

slowly cooled sample of a Ni-Fe-Ga-Co alloy. The increase of the heat flow and its derivative on the high-

temperature side of the plot corresponds to the martensitic transformation range.  


