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ABSTRACT: Zero thermal expansion (ZTE) materials with the
advantage of an invariable length with varying temperatures are in
high demand for modern industry but are relatively rare for metals.
Fe-based Laves phases attract significant attention due to the rich
and intriguing physical properties resulting from the coupling
between crystal, electric, and magnetic structures. In this work, the
structural, magnetic transition, thermal expansion, and magneto-
caloric effect of single-phase Fe,  Hfy4oNby,, Laves phase alloys
were investigated by means of macroscopic magnetic measure-
ments, Mossbauer spectroscopy, and X-ray diffraction at the
temperature range of 4.2—400 K. With the introduction of Fe
vacancies, the ZTE coefficient of —1.2 ppm/K is smaller than that
(1.7 ppm/K) of stoichiometric Fe,Hf,¢)Nb,,, alloy. Meanwhile,
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the magnetic entropy change experiences an enhancement from 0.39 to 0.50 J/kg K at a magnetic field change of 2 T. These
improved properties are attributed to the vacancy-induced coexistence of ferromagnetic and antiferromagnetic phases, as evidenced
by variable-temperature X-ray diffraction and Mossbauer spectroscopy. This work unveils a promising avenue for new zero thermal
expansion materials by controlling the vacancies at magnetic atom positions in Fe-based Laves phase alloys.

B INTRODUCTION

The hexagonal C14 structure Fe-based Laves phases stand out
within the Laves phase family due to their remarkable
sensitivity of crystal, magnetism, and electronic properties to
compositional variations.' Among them, Fe,(Hf,Ta) alloys
have garnered considerable attention due to the itinerant-
electron metamagnetic transition from ferromagnetic (FM) to
antiferromagnetic (AFM) state as the temperature in-
creases.”®™® This FM—AFM transition is attributed to a
frustration effect, where the ordered magnetic moment of the
Fe atom at the 2a site, situated within the middle layer of the
Fe atom at the 6h site, vanishes as the temperature exceeds the
transition temperature.””'" A significant research interest has
been attracted in Fe-based Laves phase alloys including the
mechanism underlying this metamagnetic transition”''~"* and
related rich physical properties such as magnetocaloric
effect,> ™7 negative thermal expansion (NTE) or zero thermal
expansion (ZTE),7’18_20 and magnetoresistance.14 A large
adiabatic temperature change (3.5 K) from the metamagnetic
transition was obtained at a magnetic field change of 2 T, '
which is comparable to the values for the two well-known
MCE materials La(FeO'SSSiOIIZ)BHfl and Manez_xPl_ySiy.22
Accompanied by the FM—AFM transition, a NTE coefficient
as large as —16.3 ppm/K is observed in Fe,Hf 4, Ta, 3 over a
broad temperature window of 222327 K.” Therefore, the

© 2024 American Chemical Society

v ACS Publications 6299

magnetoelastic transition in the Fe-based Laves phase makes
them attractive for thermal expansion and magnetocaloric
applications.

In recent studies, pseudobinary Fe,(Hf, Nb) alloys have also
emerged as exhibiting a FM—AFM transition accompanied by
a negative/zero thermal expansion.”””** The magnetic phase
diagram presented by Yibole et al.” delineates this transition
within the range of x = 0.17—0.26. It is worthwhile to note that
the AFM—FM transition in Fe,(Hf,Nb) alloys exhibits a
broader profile compared to that of Fe,(Hf,Ta) alloys, which
can be attributed to the coexistence of AFM and FM phases
below the transition temperature. A similar negative volume
thermal expansion of @y = —9.26 X 107 K" is observed in the
Fe,Hf; gsNby ;s alloy in the temperature range of 130—300 K>
Modulating the magnetic interactions by tuning the non-
stoichiometric chemical composition can be an effective
approach to achieve ZTE in magnetic materials, as reported
in the Fe, Hf Laves phase (1.25 ppm/K, 433—583 K) by
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adding excess Fe’® and in Mn;ZnggeN (—4.11 ppm/K, 125—
185 K) by introducing Zn vacancies.”® In this work, we explore
the impact of Fe content on the structure, magnetic transition,
thermal expansion, and magnetocaloric effect in the
Fe,Hfys)Nbg, (x = —0.05, 0, 0.05) system by variable-
temperature X-ray diffraction and Mossbauer spectroscopy. We
found enhanced MCE and ZTE effects in the Fe, osHf, 3oNb 5
composition, offering a novel perspective on designing ZTE
materials by manipulating vacancies within magnetic atoms in
Fe-based Laves phase alloys.

B EXPERIMENTAL SECTION

Polycrystalline Fe, ,Hf} 3)Nby,o (x = —0.05, 0, and 0.05) alloys were
prepared from high-purity elements (Fe 99.98%, Hf 99.95%, and Ti
99.99%) by arc melting. For ease of reference, the samples
corresponding to x = —0.05, 0, and 0.05 are denoted as Fel.95,
Fe2.00, and Fe2.05 alloys, respectively. Samples with a total mass of 5
g were melted four or five times, and the button-shaped alloys were
flipped over after each melting. The weight loss was confirmed to be
less than 0.5% after each arc-melting process. To suppress phase
segregation, the power supply was promptly deactivated after each arc
melting cycle. As heat treatments yielded negligible improvements in
the magnetic properties for Fe,(Hf,NDb),” the arc-melted samples in
this study were not subjected to any annealing processes.

X-ray diffraction (XRD) data were acquired using a PANalytical X-
Pert PRO system with Cu-K, radiation and an Anton Paar TTK 450
temperature chamber. The lattice structure was analyzed through
Rietveld refinement employing Fullprof.”” The magnetic properties at
low temperature (4—370 K) were measured using a superconducting
quantum interference device (SQUID) magnetometer model MPMS-
XL, equipped with the reciprocating sample option. The ferromag-
netic transition temperature T¢ is determined from the minimum in
the temperature derivative magnetization as a function of temperature
at an applied magnetic field of 0.1 T. The magnetic entropy change
was calculated from the M—T curves obtained at different magnetic
fields by using the Maxwell relations. The microstructure was analyzed
by scanning electron microscopy (SEM) using a FEI Quanta FEG 450
equipped with energy-dispersive X-ray spectroscopy (EDS). Trans-
mission ’Fe Mdssbauer spectra were collected at different temper-
atures with conventional constant-acceleration or sinusoidal-velocity
spectrometers using a ’Co(Rh) source. The velocity calibration was
performed using an a-Fe foil at room temperature. The source and
absorbing samples were kept at the same temperature during the
cryogenic measurements. The Mossbauer spectra were subsequently
fitted using the Mosswinn 4.0 program.*®

B RESULTS AND DISCUSSION

Figure 1a displays the XRD patterns of the Fel.95, Fe2.00, and
Fe2.05 alloys at room temperature, exhibiting crystallization in
a single hexagonal MgZn, Laves phase structure (space group:
P6;/mmc). Figure 1b displays the refined XRD pattern of the
Fel.95 alloy based on the crystal structure of MgZn, depicted
in Figure Ic. The unit-cell volume of the Fel.95, Fe2.00, and
Fe2.05 alloys is 170.50, 170.33, and 170.19 A3, respectively.
This trend is consistent with the observations of
Fe,, Hfy s,Nby s (x = —0.05 to 0.09)” and Fe,, Hfyg;Tay;,
(x = —0.18 to 0.26),”” which indicate that excess Fe atoms may
substitutionally occupy the (Hf/Ta) 4f site. Notably, even in
stoichiometric Fe,(Hf,Ta) compounds, Fe atoms show a
preference for the 4f site, as evidenced by the pronounced
magnetization change in slightly Fe-deficient Fe,(Hf,Ta)
alloys.””*® Unlike the as-cast Fe,HfygNby,, alloy in ref 2,
which exhibited a Nb-/Hf-rich secondary phase at grain
boundaries, the SEM image and line-scan profile along the
yellow line in Figure 1d confirm the microstructural
homogeneity of the single-phase Fel.95 alloy at a 30 pm
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Figure 1. (a) XRD patterns of the Fel.95, Fe2.00, and Fe2.05 alloys,
with peaks indexed by the MgZn,-type structure. The lattice
parameters are a = 4.937 A, ¢ = 8.077 A for the Fel.95 alloy, a =
4.936 A, c = 8.072 A for the Fe2.00 alloy, and a = 4.935 A, c = 8.068 A
for the Fe2.05 alloy. (b) Refined XRD patterns of the Fel.95 alloy. (c)
Crystal structure of the MgZn,-type structure for the Fe, Hf4,Nb,,o
Laves phase. (d) Backscattered electron image of the Fel.95 alloy and
a line-scan profile along the yellow line in the image.

length scale. In this study, the immediate deactivation of the
power switch likely mitigated the tendency for Nb and Hf
atom segregation, since the rapid solidification process can
suppress phase segregation, as observed in the melt-spun
Fe,Hf, ¢ Tio 5 alloy."”

Figure 2a shows the M—T curves at a magnetic field of 0.1 T
for the Fel.9S5, Fe2.00, and Fe2.05 alloys. The thermal
hysteresis of 1—2 K observed in the M—T curves for all three
alloys indicates a first-order magnetic transition. The higher
magnetization observed in the Fe2.05 alloy can be attributed to
the substitution of extra Fe for Hf/Nb atoms at the 4f sites, as
evidenced by its smaller unit-cell volume compared to those of
the Fel.95 and Fe2.00 alloys. A magnetization bump observed
at 153 K for the Fel.9S alloy suggests a two-step magnetic
transition. Annealing at 1273 K for 24 h does not alert the two-
step magnetization change behavior, as shown in Figure SI in
the Supporting Information. For the Fel.95 and the Fe2.00
alloys, the FM—AFM transition temperatures (T,) are 225 and
253 K, respectively. A kink at 340 K for the Fel.95 alloy
corresponds to the AFM—PM transition temperature (Ty).
The T, and Ty values for the Fel.95 and Fe2.00 alloys are
consistent with the magnetic phase diagram given in ref 2. The
M—H curves in Figure 2c show the magnetic hysteresis
observed in these three alloys. The saturation magnetization of
the Fel.95 alloy is 47 A m?/kg, representing an 11% increase
compared to that of the Fe2.00 alloy (43 A m’/kg). An
additional near-linear contribution to the magnetization in
Figure 2b and a substantial reduction in magnetic hysteresis
after one cycle in Figure S2 in the Supporting Information are
observed for the Fel.95 alloy, in accordance with the results
for the Fe,(Hf,Nb) alloys reported in ref 2. The application of
an external magnetic field can partially induce the conversion
of the AFM into the FM phase, which contributes to the
enhanced saturation magnetization of the Fel.95 alloy.*!
These results indicate an incomplete AFM—FM transition
occurring below T, resulting in the coexistence of the AFM
phase and the FM phase at S K.

https://doi.org/10.1021/acs.chemmater.4c01345
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Figure 2. (a) M—T curves for the Fel.95, Fe2.00, and Fe2.05 alloys in a magnetic field of 0.1 T. The inset shows the details in the vicinity of Ty in
a magnetic field of 0.01 T. (b) M—H curves for the Fel.95, Fe2.00, and Fe2.0S alloys at a temperature of S K. M—T curves upon heating at different
applied magnetic fields for (c) the Fel.9S alloy and (d) the Fe2.00 alloy. IAS,| calculated from the heating curves for (e) the Fel.95 alloy and (f)

the Fe2.00 alloy.
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Figure 3. Mossbauer spectra for the Fel.95 alloy at (a) 4.2, (b) 300, and (c) 400 K.

Table 1. Mossbauer Fitted Parameters of the Fel.95 Alloy at Different Temperatures®”

sample T (K) IS (mm s7t) QS (mm s7t)

arc-melted Nb0.20 42 K —0.23 0.01
—-0.21 —0.11

—-0.21 —0.10

—-0.20 0.83

300 K —0.20 0.09

-0.19 0.28

400 K —-0.33 0.36

hyperfine field (T) I' (mm s?) phase

18.0 0.40 59.7% (FM-6h)

14.1 0.37 19.9% (FM-2a)

14.1 0.37 16.4% (AFM-6h)
042 4.1% (AFM-2a)

6.15 0.40 56.50% (AFM-6h)
0.35 43.50% (AFM-2a)
0.42 100% (PM)

“Experimental uncertainties: isomer shift: 1.S. + 0.03 mm s quadrupole splitting: Q.S. & 0.03 mm s7% line width: T" + 0.05 mm s7%; hyperfine

field: +£0.2 T; spectral contribution: + 3%.

To determine the magnetic entropy change, a series of M—T
curves are measured for the Fel.95 and Fe2.00 alloys, as shown
in Figure 2¢f. A double peak is observed in the dM/dT curves
for the Fel.95 alloy, as shown in Figure S3a in the Supporting
Information. Consequently, a double peak of magnetic entropy
change is displayed in Figure 2e for the Fel.95 alloy. The
magnetic entropy change IASyl illustrated in Figure 2ef is
calculated from the isofield magnetization curves in Figure 2¢,d
based on the Maxwell relation:

H  om(T,H
ASW(AH, T) = [ /("0
#oHy = 0 T. The maximal |ASyl for the Fel.95 alloy is 0.50
J/kg K at 170 K with a second peak value of 0.32 J/kg K at 237

Judp,H, where we choose

6301

K at a magnetic field change of 2 T. For the Fe2.00 alloy, its
maximal [ASyl is 0.39 J/kg K at 260 K at a magnetic field
change of 2 T. The larger magnetization of the Fel.95 alloy
primarily contributes to its 22% larger magnetic entropy
change compared to the Fe2.00 alloy. The maximal |ASyl of
the Fel.9S alloy is comparable to other Fe-based Laves
compounds with a second-order transition, with 0.5 J/kg K in
Sco4Tig¢Fe,*” with 0.46 J/kg K in Fe,HfyTiy;s'~ and with
1.3 J/kg K in rare-earth-free MnjoFe,Al,. "
smaller than the Fe-based Laves phase materials with a first-
order transition, with 1.7 J/kg K in Scy3Tiy,Fe,”” and 2.3 ]/ kg
K in Fe,HfygsTay,,." For the latter, their saturation magnet-

It is however

https://doi.org/10.1021/acs.chemmater.4c01345
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Figure 4. (a) Variable XRD intensity contour map showing the evolution of the Bragg peaks across the first-order magnetic transition. (b) XRD
powder diffraction patterns, recorded upon heating at selected temperatures for the Fel.95 alloy. Temperature dependence of the unit-cell volume
for (c) Fel.95S alloy and (d) Fe2.00 alloy. The blue shaded area indicates the coexistence of high-temperature and low-temperature ordered phases.
The middle circle in the shaded area is the average unit-cell volume calculated from V. = fi, X V}, + f; X V. The fraction evolution of the low- and
high-temperature ordered phase for (e) Fel.9S alloy and (f) Fe2.00 alloy.

izations are ~2.45 and 2.86 yi3/f.u., respectively, larger than the
value of 1.86 up/fu. for the Fel.9S alloy. Therefore, the
relatively small magnetic entropy change in Fe,(Hf,Nb) results
from the broad magnetic phase transition and suppressed
saturation magnetization due to magnetic phase separation.
Figure 3 displays the MOssbauer spectra that were measured
for the Fel.95 alloy at temperatures of 4.2, 300, and 400 K.
The fitting of the spectra is based on the crystal structure
analysis, where Fe occupies two distinct sites, the 2a and 6h
sites, with an atom ratio of 1:3. The spectrum at 400 K
confirms the PM state at a high temperature. At room
temperature, the sample exhibits an AFM state, affirming the
complete transformation of the low-temperature ordered phase
into the high-temperature ordered phase at 300 K. At 42 K, a
coexistence of AFM and FM phases is observed, consistent
with the M—H curves. Table 1 summarizes the parameters
fitted to the Mossbauer spectra at different temperatures. The
isomer shifts for both the AFM and FM phases remain similar,
implying an identical Fe valence state. However, the quadru-
pole splitting of Fe at the 2a site for the AFM phase
significantly exceeds that of Fe at the 2a site for the FM phase
This discrepancy indicates pronounced chemical environment
distortions around Fe at the 2a site upon the transformation of
the FM phase into the AFM phase with increasing temper-
ature.”® For the FM phase, the hyperfine field of Fe at the 6h
site (18.0 T) and 2a site (14.1 T) is akin to the values observed
in Fe,Hfy4;Tag;, (19.0 and 13.6 T, respectively).”” Con-
versely, for the AFM phase at 4.2 K, the hyperfine field of Fe at
the 6h site (14.1 T) nearly doubles that observed at the 2a site
(6.15 T) at 300 K. The fraction of the AFM phase at 4.2 K is
approximately 20%, lower than the 48% of the high-
temperature ordered phase at 117 K, as determined by
variable-temperature XRD in Figure 4e. This indicates a
gradual increase of the AFM phase with the rising temperature.
To investigate the evolution of the phases across the FM—
AFM transition, powder XRD measurements were conducted
for the Fel.95 and Fe2.00 alloys over the temperature range of
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117-397 K, as shown in Figures 4 and S4 in the Supporting
Information. The crystal structures refined from the XRD
diffraction patterns reveal that both alloys maintain the C14
hexagonal structure throughout the entire temperature range
(with both Ka; and Ka, components present for each
reflection). Focusing on the Fel.9S alloy, upon cooling, the
(213) peak splits into two peaks starting from 197 K,
indicating the conversion of high-temperature ordered phase
(AFM state) into the low-temperature ordered phase (FM
state) with both phases coexisting as the temperature decreases
until 117 K. These two magnetic phases share the same C14
crystal structure but possess slightly different lattice parame-
ters. A similar magnetic phase separation phenomenon has
been reported in Fe,Hfy 3 Nb, s> and Fe,Tiy-0Scy30  alloys
with a coexistence of AFM and FM phases at low
temperatures. It is noteworthy that the phase separation in
Fel.95 and Fe2.00 differs from the phase segregation reported
in Fe,Hf,(Tiy4, where Tirich and Ti-poor phases are
observed at room temperature via SEM images.'” The phase
segregation in Fe,Hfy 4 Tiy4o is suppressed by the rapid
solidification process, but this method is ineffective for the
magnetic phase separation in the Fe, s alloy, as indicated by
the similarly broad M—T curves shown in Figure S5 in the
Supporting Information. Compared to the Fel.95 alloy, the
peak splitting in the Fe2.00 alloy is less significant, indicating a
weaker magnetic phase separation, as depicted in Supple-
mentary Figure S4a. The volume change for the Fel.95 alloy is
0.59% at 217 K, larger than the 0.42% change of the Fe2.00
alloy, as shown in Figure 4d. The critical temperature for a
significant volume change is in agreement with T, derived from
the M—T curve, confirming the nature of the magnetoelastic
FM—AFM transition in Fe,Hfj 4)Nb,, alloys. A small kink at
337 K is attributed to the AFM—PM transition for the Fel.95
alloy, which aligns with the kink at 340 K, as observed from the
M-~—T curve in the inset of Figure 2a.

Figure 4e,f shows the evolution of the phase fraction with
temperature derived from variable-temperature XRD results.
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As the temperature increases, the fraction of the AFM phase
for the Fel.95 alloy increases from 48 to 60% and finally to
100%, indicating that the FM phase completely transformed
into the AFM phase above 217 K. The Fe2.00 alloy shows a
similar trend for the temperature evolution of the phase
fractions. The XRD result, linear scanning of SEM image, and
Mossbauer spectrum confirm the single-phase behavior of the
Fel.9S5 alloy; thus, this magnetic phase separation can be
attributed to Fe vacancies introduced into the Fel.95 alloy, as
reported in the vacancy-induced phase separation in
Lag -0Cag 30Mng9,Crg050,>° and Fe—Cr-based alloys.36 The
inhomogeneous distribution of Fe vacancies disrupts the
movement of phase boundaries during the FM—AFM
transition, thus inducing a two-step magnetization change, as
shown in the M—T curve of the Fel.95 alloy.** The Fe2.00
alloy exhibits a relatively weak magnetic phase separation,
leading to a singular broad M—T curve and a correspondingly
broad magnetic entropy change.

To explore the thermal expansion effect of Fe,Hf;g)Nby,,
alloys, the average unit-cell volume below 217 K is present
within the blue shaded area in Figure 4c,d. The average volume
is calculated from the formula V. = f, X V}, + f; X V}, where f;,
and f| represent the fraction of the high-temperature and low-
temperature ordered phase, and V; and V, the unit-cell
volumes of both phases.” The volumetric coefficient of thermal
expansion (ay) for the Fel.9S alloy is —1.2 ppm/K at the
temperature range 117—197 K, which is smaller than the value
for the Fe2.00 alloy (1.7 ppm/K). Both coefficients, in absolute
terms, are below 3 ppm/K, categorizing the Fel.95 and Fe2.00
alloys as ZTE materials. The value of o for the Fel.9S alloy
with a temperature span of 80 K is superior to most magnetic
ZTE materials, such as Fe,Hfy4Tag;sCo01'° (2.4 ppm/K),
Mn;Znge;N (1.8 ppm/K),”® Fe,ZrygNby, (4.2 ppm/K),”’
TbCo,oFey; (1.44 ppm/K),*® and Fe, Hfy4Nby,y (3.21
ppm/K).>* The lay| value of 1.2 ppm/K is also smaller than
that of typical Invar alloys (4.5—7.5 ppm/K).” Such a
pronounced ZTE in Fe,(HfNb) alloys originates from the
competition between the positive thermal expansion of the
AFM phase and the negative thermal expansion of the FM
phase. DET calculations by Yibole et al.” predict a tendency
toward phase separation for Fe,(HfNb) alloys as an intrinsic
property due to positive mixing energies. Introducing Fe
vacancies regulates the competition between the AFM phase
and the FM phase in terms of the unit-cell volume change or
fraction evolution, and thus an enhanced ZTE is observed in
the Fel.95 alloy. The value of @ decreases from a positive (1.7
ppm/K) to a negative (—1.2 ppm/K) value by inducing some
Fe vacancies, which suggests that a more superior ZTE is
feasible by further optimizin% the concentration of Fe
vacancies in Fe,(Hf,Nb) alloys.”

B CONCLUSIONS

Variable-temperature X-ray diffraction reveals two Cl4
hexagonal phases in the Fel.95 and Fe2.00 alloys in a
temperature range of 197—117 K. This observation is
corroborated by Mossbauer spectra, confirming the coex-
istence of antiferromagnetic and ferromagnetic phases at 4.2 K.
Notably, a two-step magnetic transition is evident in the
Fel.95 alloy, which demonstrates a larger magnetic entropy
change of 0.5 J/kg K compared to 0.4 J/kg K in the Fe2.00
alloy, under a magnetic field change of 2 T. Additionally, a
ZTE coefficient of —1.2 ppm/K is obtained in the Fel.95 alloy,
contrasting with the 1.7 ppm/K observed in the Fe2.00 alloy.
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The improved ZTE performance and enhanced magnetic
entropy change achieved by the introduction of Fe vacancies
hold promise as a new strategy to modulate the multifunctional
applications in Fe-based Laves phase alloys.
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