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ABSTRACT: Hydrostatic and chemical pressure are efficient stimuli to alter the 80 HosFereAl
crystal structure and are commonly used for tuning electronic and magnetic 60k .~\-0.8(1)GPa =
properties in materials science. However, chemical pressure is difficult to 40 el X
quantify and a clear correspondence between these two types of pressure is still — [ Bt Positive Pressure

- g : : c X Hoz2Fe1esAlos  * —>
lacking. Here, we study intermetallic candidates for a permanent magnet witha = 20" ) (1) GPa
negative thermal expansion (NTE). Based on in situ synchrotron X-ray kK g L HozFer
diffraction, negative chemical pressure is revealed in Ho,Fe,;, on Al doping and |2 «— "-HozFer?
quantitatively evaluated by using temperature and pressure dependence of unit -201 Negative Pressure “m HozFerr
cell volume. A combination of magnetization and neutron diffraction 40} HozFeﬂ"EL\
measurements also allowed one to compare the effect of chemical pressure on sol . HoeFer ‘_T‘
magnetic ordering with that of hydrostatic pressure. Intriguingly, pressure can be 1.0 05 0.0 0.5 1.0

used to control suppression and enhancement of NTE. Electronic structure
calculations indicate that pressure affected the top of the majority band with
respect to the Fermi level (Ep), which has implications for the magnetic stability, which in turn plays a critical role in modulating
magnetism and NTE. This work presents a good example of understanding the effect of pressure and utilizing it to control properties
of functional materials.

Pressure (GPa)

B INTRODUCTION

Pressure as an efficient stimulus acting on lattices has aroused
considerable interests in the context of tuning electronic and
magnetic properties in materials science.' Apart from external
hydrostatic pressure, chemical pressure is easier to realize via
doping or interface constraint, and the effect can correspond to
either positive or negative external pressure.” For example,
negative chemical pressure emerges in epitaxial thin films of
PbTiO;/PbO and BaTiO;/BaO due to interphase strain,
leading to giant ferroelectric polarization and ordering
temperature.”* Nevertheless, understanding the mechanism
of chemical pressure effects on properties remains a challenge.
In comparison with physical pressure, the determination of
chemical pressure is much more indirect and typically only
qualitative. Bridging the connection between chemical and
physical pressure thus remains an open issue.

Negative thermal expansion (NTE) is a peculiar physical
phenomenon in solids,”® which may originate from coupling
between the lattice and spin and/or orbital degrees of freedom
or from particular lattice dynamics, such as transverse phonon
modes in flexible frameworks, such as ZrWzog,9 cyanides, and
MOFs.'"™"? Other examples include spontaneous polarization
in PbTiO; ferroelectric perovskites,'* charge ordering in
V,0P0,,"” and magnetic transition in Mn;CuysGeysN and

La(Fe,Co,8i),3.'*"" Unsurprisingly, the NTE is sensitive to
lattice strain from pressure, which can be used for tuning the
effect. For example, hydrostatic pressure applied to antiper-
ovskite Mn;GaN can weaken the thermal expansion anomaly
via modifying magnetic interactions.'®
pressure induced in its analogue nanocrystalline
Mn;CuyGeysN reduces NTE to zero.'” Therefore, the NTE
materials can be good model systems to establish the
correspondence between physical and chemical pressure.
Here, we investigate the intermetallic candidate for a
permanent magnet with NTE. In situ variable temperature
and pressure synchrotron X-ray diffraction was used to
quantitatively evaluate negative chemical pressure in Ho,Fe,,
with Al doping. Magnetization and neutron diffraction
measurements were employed to understand the effect of
chemical and hydrostatic pressure on magnetic ordering and
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Figure 1. (a) SXRD patterns of Ho,Fe,_.Al, (x =0, 0.5, 1.0) at room temperature; (b) crystal structure of Ho,(Fe,Al), determined by SXRD; (c)
temperature dependence of magnetization for Ho,Fe,, and Ho,Fe Al , respectively; and (d) contour plot of NPD from 3 to 500 K for Ho,Fe,

and (e) Ho,Fe;4sAlys, respectively.

the resulting suppression and enhancement of NTE. First-
principles calculations indicated that pressure shifts the top of
the majority band, which plays a critical role in manipulating
magnetism-driven NTE. This work explores the relationship
between physical and chemical pressure and presents an
example of using pressure to modify properties of functional
materials.

B MATERIALS AND METHODS

Sample Preparation. The Ho,(Fe,Al), intermetallic compounds
were prepared by conventional arc-melting under a high purity argon
atmosphere. The raw materials, Ho, Fe, and Al, were at least 99.9%
purity. To ensure the chemical homogeneity, the ingots were re-
melted at least 4 times and sealed in a quartz tube with high vacuum.
Then, the quartz tube was annealed at 1373 K for S days and finally
quenched into ice water. The ingots were ground into fine powder for
powder diffraction and magnetic measurements.

Synchrotron X-ray Powder Diffraction. High-resolution
synchrotron X-ray powder diffraction (SXRD) was conducted at a
beamline BL44B2 of SPring-8, Japan (4 = 0.45 A). High-pressure
SXRD patterns were carried out at the beamline of BL10XU of
Spring-8 Japan (1 = 0.42 A) using a diamond anvil cell. To improve
particle sampling statistics, the powder for the SXRD experiment was
selected by a 600 mesh/ in.? sifter.

Neutron Powder Diffraction. High-resolution neutron powder
diffraction (NPD) and magnetic field NPD of Ho,Fe;; and
Ho,Fe 4 Al) s were obtained at ECHIDNA of the Australian Nuclear
Science and Technology Organization (1 = 1.6215 A) from 3 to 650
K. High-pressure NPD experiments were carried out at PLANET of J-
PARC up to 300 K from 0 to +2.0(1) GPa (see the Supporting
Information for details).”® All the diffraction data was refined by
Rietveld methods using FULLPROF package.”'

Magnetization Experiments. Magnetization measurements were
performed using Superconducting Quantum Interference Device
(SQUID) and Physical Property Measurement System (PPMS) of
Quantum Design. Magnetization as a function of temperature and
applied magnetic field (M—T & M—H) curves was measured. The
hydrostatic pressures were performed up to +1.0 GPa by using the
nonmagnetic BeCu cylindrical cell (Quantum Design).

3250

Computational Method. To calculate the electronic structure of
Ho,(Fe,Al),, alloys with a substitutional atomic disorder we employ
the Coherent Potential Approximation (CPA) in the framework of
the Korringa—Kohn—Rostoker (KKR) band structure method and
the Atomic Sphere Approximation (ASA).***’ In our KKR—ASA
calculations, the partial wave functions were expanded in a spdf-basis
(up to I = 3) and the effects of exchange and correlation are treated
within the density functional theory using a Perdew—Wang”*
exchange—correlation functional. To model thermal magnetic
disorder above the magnetic ordermg temperature, we employ
disordered local moment (DLM)>® formalism based on the CPA.
The choice of the ASA spheres on different crystallographlc sites were
made similar to our earlier works on R,(Fe,Co), alloys. 6

B RESULTS AND DISCUSSION

High-resolution SXRD patterns indicate all the as-prepared
samples crystallize in a hexagonal cell (space group: P65/mmc),
in which there are six non-equivalent Wyckoff sites: 2b (0, 0,
1/4), 2d (1/3,2/3,3/4), 4f (1/3, 2/3, 2z), 6g (1/2, 0, 0), 12j
(%, y, 1/4), and 12k (x, 2%, z), respectively (Figure 1a,b). The
careful structural refinements show the Al atoms occupy on the
Fe-sublattice and show a preferred occupation on 12j and 12k
sites in Ho,Fe ¢sAlys, consistent with that of our previous
work on high Al content.”” However, the a-axis lattice
parameter expands from 8.45(1) of Ho,Fe,, to 8.49(1) A of
Ho,Fe 4Al, generating about 0.4% increase. A similar trend can
also be observed in the c-axis lattice parameter (0.3% increase),
which results in an almost isotropic expansion of unit cell
volume, i.e., negative chemical pressure (Figure SI).
Although the Al is a non-magnetic element, the large lattice
strain can bring about the change of the exchange interaction
and hence adjust magnetic ordering. Ho,Fe;; has been
documented to be ferrimagnetic (FIM) below ~340 K.**
Intriguingly, the magnetic ordering of Ho,Fe 4 Al s becomes
more robust and magnetic ordering temperature increases up
to 364 K (Figure lc). In order to investigate the detailed
magnetic structure, a temperature-dependent NPD experiment
was carried out for Ho,Fe 4 Aly s compounds (Figure 1d,e). It
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Figure 2. (a) SXRD patterns of Ho,Fe,, at room temperature under +1.1(1) GPa; (b) pressure dependence of unit cell volume for Ho,Fe, at
room temperature up to +20.4(1) GPa, the inset shows pressure dependence of lattice parameters a and , respectively; (c¢) M—T curves and their
differentials for Ho,Fe,, under applying pressure of ambient pressure (A.P.), +0.25, +0.5, +0.75, and +1.0 GPa, respectively; and (d) correlation
between T-—T, and pressure, T, represents for the T of Ho,Fe,, at ambient pressure.

was found that no extra magnetic reflections emerge below 380
K while the (110) peak intensity increases in the 20 region
around 22°. The FIM configuration is analyzed by the Rietveld
method, with a model similar to that of Ho,Fe,,, in which the
magnetic moments of Ho and Fe atoms (My, and Mg,) have
an antiparallel alignment within the basal plane. However, the
magnitudes of Mg, are distinctly reduced at 3 K for
Ho,Fe s Alys and the My, tends to dominate the total
magnetization (Figure. S2). This indicates the lattice strain
affects the magnetism of Ho,(Fe,Al);; compounds.

In order to explore the correlations between lattice strain
and magnetic ordering in detail, the systematic variable
pressure diffraction and magnetization experiments were
carried out on Ho,Fe;. It was found that there was no any
phase transition up to +20.4(1) GPa and all the reflections can
be well indexed by the original hexagonal symmetry (Figure
S3) and a representative Rietveld plot is shown in Figure 2a.
The lattice contracts monotonically under pressure (Figure
2b). For example, the a and ¢ are 8.51(0) and 8.35(0) A at
+0.3(0) GPa, respectively, and 8.15(1) and 7.95(0) A at
+20.4(1) GPa, respectively. Both a and ¢ decrease by ~
4.2(3)% from +0.3(0) to +20.4(1) GPa, yielding a volumetric
contraction ~12.8(1) %. The resulting bulk elasticity modulus
K determined by the first-order Murnaghan’s equation of state
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is about 108 + 2 GPa, which is similar to that of other Er,Fe;,
compounds.””*"

The M—T curves measured upon applying pressure from O
to 1 GPa for Ho,Fe,; are shown in Figure 2c. With the
pressure increasing, the magnetic ordering is gradually
weakened and the T decreases accordingly. For example,
the T is reduced from 328 K at 0 GPa to 280 K at 1 GPa. This
can also be evidenced in the pressure dependence NPD
patterns, where it can be seen that the magnetic intensities,
e.g,, (112), vanish between +0.3 (1) and +0.7(1) GPa (Figures
S4 and SS). By using the relative volumetric change derived
from Al doping the negative chemical pressure of
Ho,Fe 4 sAl) s and Ho,Fe (Al can be well calculated according
to the following equation

dP = —-K x dV/V} (1)
in which, dP, dV/V,, and K represent chemical pressure
change, relative volume variation, and bulk elasticity modulus,
respectively. To exclude the magnetic contribution, the unit
cell volume at 450 K is used for this chemical pressure
determination (Figure S6). Thereby, the negative chemical
pressure is quantitatively evaluated to be —0.4 (1) and —0.8(1)
GPa, for Ho,Fe4Alys and Ho,Fe (Al respectively. Interest-
ingly, the comparison of lattice strain with the T indicates a
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on the Fe-sublattice determined by electronic structure calculations at each site with pressure for Ho,Fe,; (c) atomic resolved contribution to the
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pressure for Ho,Fe,.

strong effect of pressure on magnetic ordering in Ho,Fe,,
(Figure 2d).

Variable temperature structure analysis against NPD
patterns was subsequently done for Ho,Fe; to investigate
the evolution of NTE below T with pressure. The analysis
revealed that there was no obvious structural transition over
the whole investigated temperature range. As shown in Figure
3a—c, Ho,Fe,; demonstrates anisotropic thermal expansion at
ambient pressure: a exhibits low positive thermal expansion
(PTE, @, = 4.1(2) X 107°K™!, 3—340 K) and ¢ exhibits strong
NTE (@, = —182(3) x 107° K, 3—340 K). Intriguingly,
negative chemical pressure weakens the NTE along the ¢
direction with little Al doping and gradually suppresses the
volumetric NTE to zero, &, = —0.99 X 107¢ K™ (3—380 K) in
Ho,Fe s sAly 5, and the moderate PTE in Ho,Fe (Al (@y = 3.63
X 107¢ K7}, 125—400 K). In contrast, the PTE of a axis is
suppressed on applying hydrostatic pressure and thus, the
magnitudes of volumetric NTE (10—300 K) can be enhanced
(Figure S11). The largest NTE is observed under 0.5(1) GPa
with aty = —22.8(2) X 107 K™ (10—300 K), which is almost 3
times as large as that of ambient pressure because lattice
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parameter a stays almost constant under +0.5(1) GPa up to
300 K with @, = —0.8(1) X 107 K™* (10300 K).

In order to fundamentally understand pressure-tuned
magnetic ordering, electronic structure calculations were
carried out on Ho,Fe,, with different pressures. As shown in
Figure 4a, the splitting of total density of state (DOS) occurs
between the majority and minority bands due to strong
spontaneous FIM ordering. The top of majority band locates
near the Ep and is easily shifted by and pressure, which has
implication for the magnetic stability and hence magnetic
ordering. The negative pressure leads to the increasing of the
molecular field acting on Fe sites in the ordered states as it is
followed from our ab-initio calculation of the total exchange
interaction constants, J,, for different Fe sites at different
volumes (Figure 4b). The respective ], constants have been
calculated by employing the Green function-based magnetic-
force theorem’’ embedded’” in KKR—ASA formalism.
Because the overlap of d-orbitals could be weakened with
lattice expansion derived from the negative pressure,” the 3d
electrons become more localized, which stabilizes the magnetic
ordering with a higher total molecular field (Figure 4b).
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up to +2.0(1) GPa for Ho,Fe,,.

Thereby, the T increases as the top of the majority 3d band
slightly shifts upward in energy below Eg. In contrast, positive
pressure leads to band broadening and thus reduces the DOS
at the Ep, which reduces the T accordingly.

Our calculations employed the disordered local moment
(DLM) approach that is used to model the a high-temperature
paramagnetic state,” identify that repopulation of the d-
orbitals compare to the ordered FM state intimately occurs
with different bonding states near the Fermi level (Eg), similar
to other magpetic NTE systems, such as Fe—Ni,>* Fe—Pt>*
and Fe—Pd.”> This process is schematically shown by the
arrows in Figure 4c. The precise analysis of the bonding
character of the states in Ho,Fe;; is much more involved than
in the simple case of the cubic Invar alloys like Fe—Ni (see
details, e.g,, in ref 36), due to a lower symmetry of the Fe sites.
However, the main feature of the process can be well
understood by the analogy. The nonbonding states are located
at the top portion of the d-DOS having higher energy than
metallic bonding states at lower energies. These nonbonding
states become partially occupied only due to exchange splitting
of the bands and some portion of the bonding state left
unoccupied. For Fe in an ideal face-centered cubic (fcc)
structure, there is exactly two nonbonding states per spin
channel, ey at the top of the d-band. The nearest neighboring
atomic shell of the position 4f Fe in Ho,Fe,, may be regarded
to have a similar but slightly distorted fcc environment, from
which we can draw an analogy presented by arrows in Figure
4c. Note that the other Fe positions in Ho,Fe;; are less
coordinated, signaling that their contribution to the magneto-
volume effect is less significant because they have more
nonbonding states at the top of the d-band. In the
paramagnetic state, local moments of Fe-sublattice can
significantly decrease that affects the lattice change upon
magnetic ordering (Figure 4d, Tables S7—S9). The change of
local moment upon magnetic ordering is calculated at different
pressures as AM = Mgy — Mpypra)- As a result of the
pressure-induced shift in the position of the top of the d-band
with respect to Ep, the local moment of the Fe sublattice can be
delicately tuned. As a result, the magnetoelastic coupling can
be controlled and in turn can be used to control the thermal
expansion.
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As shown in Figure Sa, magnetic field dependence of NPD
well evidences such magnetic instability in Ho,Fe,,, ie., the
magnetic moments keep increasing up to saturation near 0.6 T,
and unit cell volume increases with the same trend (Figure
Sb). On negative pressure, the magnetic ordering becomes
more stable and the AM decreases accordingly. The CTE turns
from negative to zero and to positive with higher T¢. In
contrast, positive pressure produces an opposite trend (Figure
5d). The magnetic moments show slight change up to +0.9(1)
GPa, which leads to larger AM between the FIM and DLM,
resulting in stronger NTE. At higher pressure, the magnetic
ordering dramatically weakens and the magnetic moment
decreases accordingly (Figure Sc), whereby attenuating the
AM and the NTE. The CTE increases up to @y ~ —14.1(1) at
+1.5(1) GPa (10-300 K), and —6.1(2) X 107° K" at +2.0(1)
GPa, respectively. Overall, pressure enables not only ZTE but
also unconventionally enhanced NTE in Ho,Fe;; which is
rarely observed among magnetic NTE systems.’’

B CONCLUSIONS

In summary, systematic experimental and theoretical inves-
tigations were done to probe the effect on physical and
chemical pressures on magnetism and NTE in Ho,Fe ; and Al-
doped Ho,Fe 4 Al s. Negative chemical pressure emerging in
Ho,Fe ; on Al doping was quantified by comparing temper-
ature and pressure dependence of unit cell volume with those
in Ho,Fe,, under external pressure. As a result, the consistent
picture of the effect of chemical and hydrostatic pressure on
magnetic ordering is revealed. Intriguingly, it was found that
pressure can be used to suppress and enhance the NTE. The
pressure-induced shift of the top of the majority band with
respect to the Fermi level (Ep) has implications for the
magnetic stability, which plays a critical role in modulating
magnetism and NTE. These findings demonstrate how
chemical pressure, either in bulk via chemical doping or
interfaces via lattice mismatch, can be used to control
magnetism-driven NTE.
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