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Abstract: Recently, non-volume conserving or non-Joulian magnetostriction has been reported 
in Fe-Ga alloys [Nature 521, 340 (2015); ibid., 538 416 (2016)] that increase their volume by 
expanding in magnetic fields. Here we report the complementary set of contracting non-Joulian 
crystals (Fe-Ge, Fe-Al) that decrease their volume. Results provide the critical compositional 
degree-of-freedom necessary for designing new alloys (beyond the initially reported Fe-Ga 
alloys) and establish this new family of functional materials based on non-Joulian 
magnetostriction. 
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I. Introduction 

Recent discovery of the non-Joulian magnetostriction (NJM) phenomenon in Fe-Ga alloys1, 2 
expands the range of existing functional materials.3-8 In contrast to Joule magnetostriction9 in 
conventional magnets that is volume conserving,10, 11 the non-Joulian Fe-Ga alloys increase their 
volume by expanding in magnetic fields (e-NJMs). The possibility of contracting NJM or c-NJM 
(where volume decreases) also exists. Such a set of c-NJM alloys is reported here in Fe-Ge and 
Fe-Al alloys. Preliminary data on an Fe-Si based c-NJM alloy close to the cusp of zero-volume 
change (so-called ‘pivot’ or ‘master’ alloy) is also reported; it has a small but finite volume 
change and is not to be confused with conventional (Joule) magnets that are volume conserving. 

II. Experimental details 

Potential non-Joulian alloys tend to show linear magnetization curves with practically zero 
hysteresis. The alloy compositions, Fe80.8Ge19.2 and Fe67Al33 (in at%), reported in this study 
exhibit these characteristics. Whereas the Fe80.8Ge19.2 composition represents the peak in 
magnetostriction versus composition,12 the properties of Fe-Al family of alloys in the vicinity of 
Fe67Al33 are described elsewhere.13 Also note that the composition of Fe83Al17 corresponds to the 
peak in magnetostriction versus Al,12 and single crystals of this composition are currently being 
grown. 

Single crystals of Fe-Ge and Fe-Al were grown, heat-treated, oriented, and carved into discs at 
AMES Laboratory, IA. The disc were ~5 mm in diameter, ~1 mm thick, with the [001] crystal 
direction as the disc normal. The confirmation of single crystallinity is part of the elaborate 
crystal growth protocol at AMES Laboratory that includes repeated polishing and analysis in 
SEM. The orientation of the disc normal was accurate to 1o. Given the sensitivity of NJM to 
heat-treatments, the crystal growth process is described in detail here. High purity starting 
materials were arc-melted together into buttons several times under argon to form the base alloy. 
The buttons were then drop-cast into a copper mold. The drop-cast is placed in an alumina 
crucible and heated to just above the melting temperature under vacuum. The furnace is then 
back-filled with high-purity argon to a pressure of 40 psi to prevent volatilization, and held for 
0.5 hour before continuing to heat until 150°C above the melting temperature of the alloy. The 
melt is held for 1 hour before withdrawing at a rate of 5 mm/hr. The as-grown ingots were 
annealed at 1000°C, unless there is a structural transition that should be avoided, in which case 
the ingot is annealed below this temperature. The ingot is cooled at a rate of 10 °C/min and this 
is referred to as the slow-cooled condition. Individually oriented samples may be additionally 
annealed at the same temperature as above by sealing them in quartz under a partial pressure of 
argon. The sample is put into a box furnace at a given temperature and held for 4 hours before 
quenching into water. This is referred to as heat-treated and quenched state. The annealing 
temperatures for Fe-Ge and Fe-Al were 770 oC and 1000 oC, respectively. Based on the 
similarities of the bulk magnetic properties (e.g., vector magnetization plots, NJM, etc.) of these 
alloys with Fe-Ga alloys, we expect a similar role of domains1 in the manifestation of NJM, but 
micromagnetic studies are beyond the scope of this study. 

Magnetostriction was measured by attaching strain gauges in a temperature-compensating 
Wheatstone bridge type setup (to minimize thermal drifts) using the lock-in amplifier technique 
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described previously.1, 14 The resolution of our lock-in method is ~0.04-0.1 ppm strain, and is 
typically <0.1 ppm. To measure strains normal to the discs, microstrain gauges were attached on 
the cylindrical surface of the sample, as described elsewhere.2 Data was typically acquired at 100 
scans/s and each point-by-point loop typically takes ~160 s to measure. The scan rate is high 
enough to allow data points to be further averaged and smoothed. Vector magnetization 
measurements were performed using a high-resolution, low noise (5x10-7 emu noise) vector 
vibrating sample magnetometer (VVSM from MicroSense) using real-time field control system. 
In the vector mode of a VSM, in addition to measuring the magnetization along the applied field 
(longitudinal component), component orthogonal to the field is also simultaneously measured. 

III. Results and Discussion 

 

Figure 1. Contracting NJM behavior of Fe80.2Ge19.2 single crystal. a-a’: Observed strains 
along different crystal axes when the applied field is along the in-plane, [11ത0] direction of the 
disc-shaped sample. The distortions (shown highly exaggerated) in a’ use the various saturation 
magnetostriction values in a at 6.5 kOe, with reference to an initially circular disc. b-b’: 
Magnetostriction curves and schematic of the distortions along different directions for applied 
field along the in-plane [010] crystal axis. 

Figure 1 shows the non-Joulian characteristics of a Fe80.2Ge19.2 single crystal that was annealed at 
770 oC for 4 hours followed by water quenching. Figure 1a shows the various magnetostriction 
curves along different principal directions of the crystal when the applied field is along the in-
plane, [11ത0] crystal axis; Fig. 1a’ schematically shows the distortions (exaggerated) of the 
initially circular disc. Similarly, Fig. 1b-b’ shows the observed magnetostriction curves and 

(-54.00 ppm)[010]

(+16.9 ppm)[100]

(-16.1 ppm)[110]

(+2.0 ppm)[001]

Fe-Ge

(-17.6 ppm)[1-10]

Applied field, H[010]b’

-6 -4 -2 0 2 4 6
-60

-50

-40

-30

-20

-10

0

10

20

 λ[100]

 λ[010]

 λ[110]

 λ[1-10]

 λ[001]M
ag

ne
to

st
ric

tio
n 

(x
10

-6
)

Field (kOe)

[01ത0]
[100]

[001]

b-6 -4 -2 0 2 4 6
-35

-30

-25

-20

-15

-10

-5

0

5

 λ[100]

 λ[010]

 λ[110]

 λ[1-10]

 λ[001]

M
ag

ne
to

st
ric

tio
n 

(x
10

-6
)

Field (kOe)a

Applied field, H[1-10]

(-25.8 ppm)[010]

(-20.8 ppm)[100]

(-27.7 ppm)[110]

(+2.4 ppm)[001]

Fe-Ge

(-29.5 ppm)[1-10]

a’



4 
 

distortions when the field is along the in-plane [010] axis. Also notice that each magnetostriction 
curve in Fig. 1 saturates, including the curve along the [001] direction. 

When the applied field is along the [11ത0] axis, Fig. 1a-a’, the sample decreases its volume by 
radially contracting in an almost isotropic manner (radial strains range from -21 to -30 ppm), 
while simultaneously experiencing only a negligible expansion normal to the disc that saturates 
at +2.4 ppm. In contrast, the crystal distortions are anisotropic when the applied field is along the 
[010] direction, as shown in Fig. 1b-b’. In this case, the crystal exhibits a large longitudinal 
contraction of -54 ppm along the [010] axis, which, along with contractions along the two in-
plane <110>-type directions (between -16 to -17 ppm), vastly offset the in-plane transverse 
expansion of +16.9 ppm along the [100] direction as well as the miniscule (+2.0 ppm) expansion 
normal to the disc, for a net volume decrease. 

 

Figure 2. Contracting NJM behavior of Fe67Al33 single crystal. a-a’: Observed strains along 
different crystal axes when the applied field is along the in-plane [110] direction of the disc-
shaped sample. The distortions shown in a’ use the various saturation magnetostriction values in 
a at 6.5 kOe (except for the [001] direction where magnetostriction was measured up to ~8.5 
kOe). b-b’: Magnetostriction curves and distortions along different directions for applied field 
along the in-plane [100] crystal axis. 

Similarly, Fig. 2a-a’ (field along the [110] axis) and 2b-b’ (field along the [100] axis) shows the 
c-NJM behavior in a Fe67Al33 single crystal. Like the Fe-Ge crystal in Fig. 1a-a’, the Fe-Al 
crystal also contracts radially when the field is directed along the [110] direction (but is less 
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isotropic). Moreover, it also contracts significantly along the disc normal (-18.0 ppm), for a net 
volume decrease. For applied field along the [100] direction, the maximum magnetostriction is 
much higher (-59 ppm) in comparison to the distortions when the field is along the [110] 
direction. 

Figure 3a-b shows the field dependence of the relative volume change (δV/Vo) as well as the 
absolute volume change (δV) for the Fe-Ge and Fe-Al single crystals, respectively. These plots 
were obtained by first averaging the radial diameters at selected fields, using the curves shown in 
Fig. 1a and Fig. 2a. Figure 3 clearly establishes the contracting nature of these non-Joulian 
crystals (the more cumbersome volume calculations associated with applied field along the 
<100> type direction in Fig. 1b or 2b are not plotted). 

 

Figure 3. Contracting nature of Fe-Ge and Fe-Al non-Joulian crystals. a, Relative and 
absolute volume change in Fe-Ge single crystals with applied field along the [11ത0] direction, 
corresponding to Fig. 1a-a’, and b, in Fe-Al single crystal with applied field along the [110] 
direction, corresponding to Fig. 2a-a’. The sample dimensions for the two crystals are also 
shown. 
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Common to all non-Joulian crystals is the observation of linear magnetization versus field (M-H) 
curves regardless of the crystal direction in which they are measured. Linear M-H curves for Fe-
Ga, Fe-Al, and Fe-Ge were previously discussed.1 Our new precision measurements reveal the 
exceptional nature of the linearity, see Fig. 4a and its lower-right inset, as well as their 
hysteresis-free state (upper-left inset of Fig. 4a), using Fe-Al. This behavior, including the 
isotropy of magnetization, is unprecedented for crystalline magnets. Figure 4a shows that the 
coercivity of the crystal along various in-plane directions is essentially non-existent (0.5 mOe). 
However, in a narrow range of angles (outside the range shown in Fig. 4a, not shown) the 
angular dependence of coercivity is found to abruptly change from essentially non-zero in Fig. 
4a to a finite but small value, ~0.12 Oe or 0.27 Oe, and this behavior is currently being further 
investigated. 

The orthogonal vector component of magnetization (in-plane, My) was simultaneously measured 
along with the longitudinal magnetization, Mx, at different static fields. Results show that the 
amplitude of My becomes maximum, Fig. 4b, at a field that coincides with onset of saturation 
magnetostriction in each alloy. (The component of magnetization normal to the disk, Mz was 
also measured but is negligible and not discussed further). For example, the maximum value of 
My approaches 20-25% of Mx for the quenched Fe-Ga alloy described in Ref. [1]). When the 
absolute value of maximum magnetostriction for various alloys is plotted as a function of the 
observed maxima in My, Fig. 4c, the resulting data shows an exponential curve fit. 
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Figure 4: Common features of non-Joulian magnets. a: Highly linear, hysteresis-free and 
isotropic magnetization curves along different in-plane directions of the disc-shapes Fe-Al 
crystal. Although not shown, magnetization curves were measured every 5o and were found to be 
virtually isotropic. The upper-left inset shows that hysteresis is non-existent (0.5 mOe) along 
various directions. The lower-right inset highlights the linearity of the curves. b: Amplitude of 
the in-plane, transverse vector component of magnetization (My) as a function of static field in 
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different crystals. For each alloy the peak in My coincides with the onset of saturation 
magnetization and magnetostriction. c: Absolute value of maximum magnetostriction in various 
alloys versus their respective peak value of My (from b). The red curve fit shows an exponential 
dependence of λmax. 

In Fig. 4b-c, also notice the inclusion of an Fe-3.1wt%Si alloy. This alloy was subject to a long-
term aging treatment, following which it exhibits features similar to other non-Joulian magnets 
(including linearly reversible and isotropic magnetization). This non-Joulian crystal also shows a 
small but definitive volume decrease. Its detailed behavior is being discussed elsewhere.15 Its 
near-zero volume change puts it close to the cusp or crossover from e-NJM to c-NJM, the 
significance being that it represents the ‘master’ alloy for designing ternary or even quaternary 
alloys with control over their magnitude and/or sign of non-Joulian response. 

The significance of the plot in Fig. 4c is that it unifies the behavior of all contracting and 
expanding non-Joulian alloys, as seen from the observed exponential fit to the absolute value of 
maximum magnetostriction that is independent of the composition of the iron-based alloys (Fe 
with Ga, Ge, Al, or Si) or prior thermal treatment (quenched or slow cooled Fe-Ga). To explain, 
for the volume of any crystal to change, the interatomic distances much change necessarily.  
Previously, the non-Joulian behavior was attributed to the existence of an elastically modulated 
structure1 whose origin was proposed to be charge density waves (CDWs).16 Using nanoscale 
Scanning X-ray Diffraction Microscopy (nano-SXDM)17, 18 complemented by element-specific 
soft x-ray magnetic circular dichroism photoemission electron microscopy (XMCD-PEEM),19, 20 
we have recently shown the existence of long-wavelength (~270 nm) lattice modulations and a 
corresponding magnetic modulation of similar periodicity (~255 nm) in the quenched Fe-Ga 
crystal.21 It is found that the resulting elastic-magnetic coupling produces a bulk strain that is 
equal to the directly measured self-strain across the periodic elastic modulations, and attributed 
to field-induced unfolding of the modulated elastic structure to produce a volume change. The 
existence of an internally heterogeneous state is also reflected in the field dependence of My, Fig. 
4b, which peaks and then decrease to a saturation value; by contrast, the My component in 
conventional magnetic approaches zero at saturation and beyond. The decrease in amplitude of 
My beyond the respective maxima in Fig. 4b for various alloys signifies a progressive saturation 
in the unfolding of the heterogeneous state within the crystal. In this proposed model, a small 
value of My is associated with a small self-strain of the modulation, and likewise, a large value of 
My with a larger self-strain. Eventually, there has to be an upper elastic limit to the self-strain 
associated with lattice modulation, which represents the exponential approach to saturation in 
Fig. 4c. 

To conclude, the full set of contracting and expanding non-Joulian magnets increases the 
compositional degree of freedom needed to design new (ternary, quaternary, etc.) alloys with 
control over the magnitude and sign of NJM, as well as conceiving new magnetic invars that 
conserve volume. Together with the previously reported Fe-Ga alloys, results establish the new 
class of functional materials based on NJM. 
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