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Abstract 

This work demonstrates that room temperature (RT) ferromagnetism might be 

triggered in pure hafnium (Hf), a classic paramagnet, by severe plastic deformation 

(SPD) via high pressure torsion (HPT). The origin of this phenomenon is elucidated by 

a combined approach including density functional theory (DFT) calculations and 

transmission electron microscopy (TEM). In particular, it is shown that the elastic 

lattice distorsions induced in pure Hf as a consequence of grain refinement down to the 

nanocrystalline regime by HPT lead to the development of a new monoclinic crystalline 

structure that exhibits a spontaneous magnetization at RT. DFT calculations are utilized 

to prove that local stretching of the original pure Hf hexagonal close packed (hcp) 

lattice along specific pyramidal directions, due to the presence of internal stresses in the 
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deformed nanostructure, may give rise to the emergence of the monoclinic phase, which 

is endowed with a net magnetic moment. An excellent agreement is found between DFT 

calculations and experimental TEM observations, which provide a first evidence of the 

presence of the pure Hf monoclinic crystal lattice. This work shows that SPD may 

constitute a viable, yet widely unexplored, strategy to tune the magnetic properties and, 

in particular, to induce RT ferromagnetism in bulk non-magnetic metals. 

 

Keywords: Monoclinic hafnium, room temperature ferromagnetism, density functional 

theory, internal stresses, plastic deformation. 

 

1. Introduction 

Room temperature ferromagnets are critical to a wide range of applications in 

key industrial sectors including energy generation and storage, electronics, biomedicine, 

and transport [1]. The emergence of spontaneous spin ordering in metals is achieved, 

according to the Stoner criterion [2,3], when the product of the density of states at the 

Fermi level, N(EF), and the exchange interaction, J, is greater than 1. Unfortunately, 

only a handful of pure metallic materials (Fe, Co, Ni, Gd) exhibit room temperature 

ferromagnetism [4,5]. The vast majority of metals are considered non-magnetic 

(paramagnetic or diamagnetic) since, although they can be weakly magnetized in the 

presence of an external field, their magnetization vanishes once the field is withdrawn 

[6].  

Attempts to trigger ferromagnetism in diamagnetic and paramagnetic metals and 

alloys without altering their chemical composition must devise alternative ways to 

modify permanently their electronic properties. This has been accomplished only in a 
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few cases and mostly at a local scale. Sampedro et al. [7] have reported RT 

ferromagnetism in 2.4 nm size twinned Pd nanoparticles, a phenomenon that was 

attributed to lattice distortions in the vicinity of the twin boundaries. Similarly, Crespo 

et al. [8] observed RT ferromagnetism in thiol capped 1.2 nm size Au nanoparticles due 

to the presence of 5d localized holes generated through Au-S bonds. Finally, Al 

Ma´Mari et al. [9] have demonstrated that it is possible to overcome the Stoner criterion 

at RT in 2 nm thick copper films interfaced with C60 molecular layers. It has recently 

been shown that bulk RT ferromagnetic behaviour may be induced in paramagnetic 

metals such as titanium, zirconium and magnesium by straining [10]. The origin of this 

phenomenon remains, however, widely unknown. 

Elastic strain engineering (ESE) has been recently put forward as an efficient 

method to design materials with unprecedented properties [11]. This methodology 

exploits the fact that nanostructured materials such as thin films, nanowires, 

nanoparticles, bulk nanocomposites, and atomic sheets can withstand anomalously high 

non-hydrostatic (e.g., tensile or shear) stresses, and are thus able to sustain much larger 

elastic strains than in bulk, coarse grained, form. The dramatic alterations of the 

elastically strained crystal structures with respect to their relaxed counterparts lead to 

the emergence of unique functional properties. For example, it has recently been shown 

that inhomogenous elastic strain can be utilized to tune the bandgap of an initially 

homogenous monolayer membrane of MoS2, allowing it to capture a broader range of 

the solar spectrum, and thus increasing its potential for photovoltaic devices [12,13]. It 

has also been demonstrated by first-principles calculations that ESE can be a very useful 

tool to control the bandgap and, thus, the electronic and optical properties of zigzag BN 

nanoribbons [14], thus increasing their applicability in electronic, piezoelectric, 
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photovoltaic, and opto-electronic devices. Furthermore, elastic strain can also be 

utilized to enhance the properties of known ferroic oxides, to convert oxides that are 

neither ferroelectric nor ferromagnetic in their unstrained state into ferroelectrics, 

ferromagnets or multiferroic materials, or to create new tunable microwave dielectrics 

with outstanding performance [15]. Strain has also been widely utilized with great 

commercial success in Si technology to enhance the carrier mobility [16], as well as to 

boost the chemical reactivity and the electrocatalytic properties of metal and oxide 

surfaces [17], or to alter the lattice parameter and, thus, the electronic states, of 

semiconductor nanowires [18]. Finally, it has recently been shown [19] that, under an 

applied load which leads to elastic strains slightly larger than 5%, it is possible to 

increase the superconducting transition temperature and the critical magnetic field of 

kilogram scale Nb nanowires embedded in a metallic matrix. The potential of ESE to 

design materials with singular functional properties is still largely unexplored. In 

particular, to date, no studies have applied this methodology to tune the magnetic 

behavior of metals. 

Pure Hafnium is a transition metal belonging to Group IV of the periodic table. 

Under equilibrium conditions it exhibits an hcp lattice (α) at 100 kPa (1 atm) and 298 K. 

This phase undergoes a wide range of solid state phase transformations when subjected 

to high temperatures and high pressures [20]. In particular, upon heating, hcp Hf 

transforms into a body centred cubic (bcc) structure (β) at 2016 K before reaching the 

melting temperature. With increasing isostatic pressure, at RT, hcp Hf transforms into a 

simple hexagonal lattice (ω) at 30-35 GPa and into a bcc lattice at 70 GPa [21]. Recent 

work [22] has shown that a face centred cubic (fcc) form of pure Hf can be stabilized by 

high energy milling of powders. This was accompanied by a lattice expansion of about 
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6%. To our knowledge, no other pure Hf crystalline structures have been reported so far.

This paper reports how pure hcp Hf can be partially transformed by severe 

straining into a monoclinic phase that exhibits RT ferromagnetic behavior. Several 

samples of the original, coarse grained, material, were processed at RT by HPT using a 

pressure of 6 GPa and 5 anvil turns. The resulting nanostructures, which are shown to 

exhibit a ferromagnetic component, are exhaustively characterized by TEM. DFT 

calculations are then utilized to gain further insight about the source of the emerging 

ferromagnetism, which is found to be originated by the elastic strains induced in the 

nanocrystalline processed pure Hf as a consequence of the high density of interfaces. 

This work provides solid evidence of the possibility of tuning the magnetic behaviour of 

metals by severe straining.  

 

2. Experimental procedure 

Polycrystalline pure Hf (99.7% purity, Table 1) was purchased in the form of a 

10 mm diameter round bar. Disks with a thickness of 1 mm were sliced out of the as-

received bar and were then severely strained at 298 K by high pressure torsion (HPT) 

[23]. An unconstrained setup, consisting of a bottom anvil with a flat surface, where the 

sample is placed, and a top anvil that exerts a pressure on the specimen and, 

subsequently, rotates a predetermined number of turns, was utilized. A pressure of 6 

GPa and 5 full rotations of the anvil (at an approximate speed of 1 rotation per minute) 

were applied. The final thickness of the deformed samples was approximately 0.2 mm. 

The equivalent true strain imposed (ε), which is a function of the disk radius (r), is 

given by the following equation [22]: 

� = �� ����∙
∙���
 �      (1) 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 6 

where h0 and h are, respectively, the initial and final thicknesses of the disk, and N 

denotes de number of anvil turns. 

The magnetization curves of the as-received and deformed pure Hf were 

measured between RT and 5 K using a Physical Property Measurement System 

vibrating sample magnetometer (PPMS-VSM) and a Magnetic Property Measurement 

System (MPMS-SQUID), both from Quantum Design, with a maximum field of 5 T. 

Measurements of the magnetic behavior were carried out in 3 mm-diameter and 200 

µm-thick foils punched out of the disks processed by HPT. In particular, the center of 

the foils was approximately located, respectively, at r values of 0.025 mm and 3.5 mm. 

At these points, according to equation (1), the corresponding true strains are, 

respectively, ~3 and ~8. These foils were subsequently annealed at 1273 K for 5 h and 

their RT magnetization curves were also measured. 

The microstructure of the as-received and annealed samples was examined by 

scanning electron microscopy (SEM) and electron backscatter diffraction (EBSD) using 

a field emission gun SEM (Helios NanoLab 600i, FEI) equipped with an HKL EBSD 

system, a CCD camera and the Channel 5.0 data acquisition and analysis software 

package. EBSD measurements were conducted at an accelerating voltage of 15 kV and 

2.7 nA. The average grain size values were calculated by the linear intercept method 

from SEM and EBSD maps in the normal direction to the disk surfaces. Sample 

preparation for EBSD included mechanical mirror-polish using first diamond pastes of 

increasingly finer particle sizes and then a colloidal silica slurry finishing. Final surface 

finishing was carried out by electropolishing using a solution of 90% perchloric acid 

and 10% acetic acid and a voltage of 20 V. The nanostructure of the deformed 

specimens was analyzed by transmission electron microscopy using a 200 kV Talos 
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F200X (FEI) microscope. With that purpose, the foils that were utilized for magnetic 

characterization, corresponding to strains of ~3 and ~8, were mechanically thinned to 

about 100 µm followed by electrochemical polishing to electron transparency at RT in a 

Struers Tenupol-5 double-jet twin electropolisher using a solution of 90% perchloric 

acid and 10% acetic acid and a voltage of 20 V. Selected area electron diffraction 

(SAED) patterns were acquired in the as-received and deformed pure Hf in order to 

identify the phases present.  

Ab-initio methods were utilized to investigate the effect of lattice straining on 

the bulk magnetic moment. DFT calculations were performed using the Perdew, Burke 

and Ernzerhof (PBE) approximation [24] for the exchange-correlation functional and 

the projector augmented plane wave method as implemented in the Vienna ab-initio 

Simulation Package (VASP) [25-27]. Pseudopotentials were utilized for the description 

of the Hf core electrons while the 5d3 6s1 electrons were treated quantum mechanically. 

Full relaxation of the atomic positions and cell vectors (keeping hexagonal symmetry) 

was performed till the atomic forces were below 0.01 eV/Å obtaining lattice parameters 

a=3.192 and c=5.042 Å. These values match well with the experimentally measured 

values (a=3.196 and c=5.051 Å) [28]. The employed kinetic energy cutoff is 225 eV but 

convergence tests were performed up to 300 eV, obtaining similar values. The energy 

tolerance parameter utilized is 10-6 eV and the k-point meshes used for the electronic 

convergence and density of state calculations are 11x11x7 and 14x14x9, respectively, in 

the Monkhorst-Pack scheme [29]. The results were further validated after performing 

additional calculations with a 22x22x14 k-point mesh and a localized orbitals´ code 

(SIESTA) [30]. 
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3. Results and discussion 

Figure 1 consists of an SEM (Fig. 1a) and a TEM (Fig. 1b) micrograph 

illustrating the coarse-grained microstructure of the as-received pure Hf. It consists of 

equiaxed grains, of about 40 µm in size, with an intragranular dislocation density of 

approximately 3x1012 m-2. Severe refinement down to the nanocrystalline range takes 

place during HPT processing. Fig. 2 illustrates the nanostructure developed in the 

samples deformed up to ε~3 (Fig.2a) and ε~8 (Fig.2b) as well as the corresponding 

SAED pattern. While grains with diameters ranging from 20 to 50 nm can be 

distinguished in both cases, the image also contains areas with no grain contrast, 

suggesting that the structure in those areas is finer than the thickness traversed by the 

electron beam. Fig. 3a is a higher magnification STEM image of a very thin area located 

near the rim of the centre hole of the TEM specimen which was strained up to ε~8, 

where, indeed, a large population of grains with sizes ranging from 5 to 20 nm can be 

clearly noticed. In particular, a significant fraction of grains have diameters smaller than 

10 nm, as evidenced in the high resolution TEM image of Fig. 3b. The SAED pattern 

corresponding to this region, formed by relatively wide spots and where well defined 

rings are absent, evidence the present of significant lattice distortions within the finest 

grains. Previous works dealing with high pressure torsion of pure Hf [31] have reported 

grain sizes ranging from 50 nm to 400 nm following processing using pressures as high 

as 30 MPa and up to 10 anvil turns. We believe that the presence of such fine grains has 

in general been overlooked because they are only detectable by TEM in areas that are 

very close to the rim of the centre hole of TEM specimens, where the thickness 

traversed by the electrons is comparable to the grain size. 
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Fig. 4a compares the RT magnetization curves corresponding to the pure Hf 

under investigation in the as-received condition and severely deformed up to true strains 

of ε~3 and ε~8. It can be clearly seen that, while the as-received material exhibits the 

expected paramagnetic behavior, with a susceptibility (χ) of 0.634x10-4, the strained 

specimens present an additional ferromagnetic component, as well as higher χ values. 

Subtle differences can be observed between the magnetic responses of the two 

deformed samples. More specifically, increasing the strain results in a lower saturation 

magnetization (Ms), higher coercive field (Hc) and higher χ. In particular, for ε~3, 

Ms=0.199 KA/m, Hc=1990 A/m, and χ=2.27·10-4; for ε~8, Ms=0.066 KA/m, Hc=14328 

A/m, and χ=1.632·10-4. Fig. 4b compares the variation with temperature of the 

magnetization in the as-received state and following straining up to ε~8 at an applied 

field of 1 T. For the as-received sample, the temperature dependence of the 

magnetization reveals the existence of two components: one that decreases with T and 

follows the Curie law and another that is independent of temperature and corresponds to 

Pauli paramagnetism. The heavily deformed sample exhibits a similar trend, with larger 

Pauli paramagnetism. The thermal dependence of the magnetization for this sample 

results more complicated to analyze since both the ferromagnetic and Curie 

paramagnetic components decrease with temperature.                    

The origin of the observed RT spontaneous magnetization is now elucidated. It 

must be first clarified that it cannot be attributed to an increase in the Fe content in the 

deformed samples due to contamination from the steel anvils. The chemical 

compositions of pure Hf in the as-received state and deformed up to ε~8, measured by 

inductively coupled plasma spectroscopy (ICP-OES), are compared in Table 1. The 

increment in the amount of Fe impurities during processing is, indeed, very small. 
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Moreover, the crossover of the magnetization curves corresponding to the two deformed 

samples at an applied field of approximately 3 T confirms that the observed increase in 

Ms can not be attributed to the presence of impurities as, in that case, the magnetization 

curve of the sample strained up to ε~3 should exhibit higher M values in the entire 

range of applied field values investigated. 

The emergence of RT ferromagnetic behaviour must, thus, be originated by the 

changes in the density of states (DOS) due to the microstructural changes that take place 

upon straining and, in particular, by the formation of a nanocrystalline structure. It is 

well known that severe elastic lattice distortions are inherent to nanocrystalline 

materials. On the one hand, grain boundaries and triple junctions, with different degrees 

of disorder, locally modify the atomic structure by reducing the atomic density and by 

altering the coordination between nearest-neighbor atoms with respect to the perfect 

crystal [32]. Since the volume fraction of intercrystalline regions in nanomaterials is 

very large (approximately 50% in a polycrystal with an average grain size of 5 nm [33]), 

such regions often have a dramatic influence on the properties [34-38]. A second source 

of lattice distortions are the internal stresses resulting from the need to accommodate the 

strain imposed during processing between neighboring grains, which may lead to 

significant elastic strains. Both the magnitude and the grain-to-grain variance of such 

stresses increase dramatically when the grain size decreases below 15 nm [39]. 

Moreover, for such fine nanocrystals, internal stresses might span a large portion of the 

grain interiors, leading to wide variations in the lattice parameters [40,41] and, thus, 

potentially, in the symmetry associated with different grains. In particular, 

nanomaterials undergoing severe plastic deformation tend to exhibit expanded lattices, 

especially when the average grain size lies below ≈25 nm [40]. It is our contention that 
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the elastic lattice distortions associated with the very fine pure Hf nanostructure 

developed during HPT straining lead to the emergence of the reported RT spontaneous 

magnetization. 

Ab-initio DFT calculations (Fig.5) confirm that a net magnetic moment appears 

when the original pure Hf hcp lattice is stretched up to 40% along five crystallographic 

directions. Fig. 5 illustrates how spin moments close to 1 Bohr magneton (µB, 

1µB=9.274x10-24 JT-1) per atom in magnitude emerge from stretching along some 

pyramidal directions, a process that leads to a transition to a monoclinic lattice. For 

example, a spin moment close to 0.85 µB per atom results from a 29% stretch along the 

<101> direction and from a 40% stretch along the <102> and <201> directions. The 

pyramidal direction <101> is the most relevant since non-negligible spin moments 

appear already after a stretch of 19%. The original hcp lattice and the simple monoclinic 

lattices resulting from stretching 20% and 29% along the <101> direction are also 

plotted in Fig. 5. The corresponding lattice parameters are, for the 20% stretch 

configuration, a= 3.86157 Å; b/a ratio=1.58; c/a ratio=1.740724; cos (β)=-0.91156, and, 

for the 29% stretch configuration, a= 4.11688 Å; b/a ratio=1.58; c/a ratio=1.746578; cos 

(β)=-0.92318. Stretching along basal or prismatic directions up to 40% did not give rise 

to any magnetic moment. DFT calculations showed, additionally, that no magnetic 

moments were originated either by an isotropic lattice expansion of up to 40%, by the 

introduction of dilute vacancies or substitutional Fe atoms, or by the presence of 

stacking faults, as found earlier in palladium [42]. An estimate of the order of 

magnitude of the volume fraction of the ferromagnetic phase can be obtained as 

follows: taking into account that the atomic mass of Hf is 178.49 and its density 13310 

Kg/m3, if every Hf atom had a magnetic moment of 0.4 Bohr magnetons (µB) (average 
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of the magnetization values corresponding to the stretched monoclinic lattices according 

to Fig. 5), the total magnetization of the sample would amount to 44.3·KA/m. Fig. 4 

reveals that the ferromagnetic component of the sample with the smaller strain (ε~3) is 

approximately 0.199 KA/m. Thus, the volume fraction with ferromagnetic behavior in 

this sample would be approximately 0.5%. In the specimen deformed up to a higher 

strain (ε~8) the corresponding volume fraction would be approximately 0.2%. 

The DOS corresponding to the original hcp lattice and to the 20% stretch 

monoclinic configuration are illustrated in Fig. 6. It can be seen that the break in the 

symmetry caused by stretching along <101> directions induces a shift of the electronic 

structure peaks. At stretch values higher than approximately 20% the DOS intensity at 

the Fermi level is high enough for the system to enhance its stability through the 

imbalance in the spin occupation, in agreement with the Stoner criterion [5,6]. 

Conversely, at stretch values higher than 30% the JN(EF) product sharply decreases, 

turning the system non-spin polarized.  

Fig. 7 shows an enlarged view of the SAED patterns corresponding to the areas 

illustrated in Figs. 2b (Fig. 7a) and 3a (Fig. 7c), as well as the corresponding radial 

intensity profiles (Figs. 7b and 7d), calculated adding up the intensity values of each 

ring of radius r. It can be seen that the SAED pattern of a relatively thick area (Fig. 7b), 

which includes a number of comparatively large grains (20 nm< d < 50 nm), is mainly 

formed by rings that match the typical reflections of hcp pure Hf. However, in the 

SAED pattern corresponding to the rim of the TEM specimen (Fig. 7d), which 

comprises mostly very fine crystallites (d<20 nm), the radial intensity profile is formed 

by a very wide peak, encompassing significantly smaller r values than those 

corresponding to pure hcp Hf, as well as several minor peaks. The reflections 
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corresponding to the magnetic monoclinic lattices that have been predicted to develop 

with 20% and 29% stretching (Fig. 5) by our DFT calculations, have been 

superimposed in Fig. 7d. It can be clearly seen that the wide peak appearing in the 

strained pure Hf can be clearly a result of the superposition of the reflections 

corresponding to several families of planes of the mentioned magnetic monoclinic 

lattices.  

The excellent match between the measured SAED intensity profile of the 

nanocrystalline structure and the theoretical reflections of the magnetic monoclinic 

lattices predicted by DFT, together with the experimentally observed bulk RT 

ferromagnetic behavior in the strained pure Hf, provide conclusive evidence of the 

discovery of a new ferromagnetic monoclinic phase. Furthermore, the DFT calculations 

described above demonstrate the dramatic dependence of the magnetic properties of the 

monoclinic phase with the stretching direction. Thus, the corresponding magnetic 

moments will exhibit large anisotropy with well-defined preferential orientations. In 

these conditions of very large anisotropy, even if the volume fraction of the monoclinic 

phase is small, i.e., even if a small number of atoms are coupled by exchange 

interactions, it is possible to observe ferromagnetic behavior instead of 

superparamagnetism at RT [43]. 

Annealing the strained pure Hf nanostructures leads to significant grain growth 

and, simultaneously, to the disappearance of the ferromagnetic component. Fig. 8 

compares the RT magnetic response of the initial hcp pure Hf with the response of the 

samples deformed up to strains of 8, and with that of samples deformed up to strains of 

3 and 8 and subsequently heat treated at 1273 K for 5 h. Annealed samples exhibited 

coarse microstructures, formed by equiaxed grains with average sizes of 30 and 40 µm, 
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respectively (Fig. 8a). Based on the arguments put forward above, it seems logical that 

lattice recovery during annealing is accompanied by the disappearance of the 

spontaneous magnetization at RT.  

3.1 Outlook 

This study provides evidence that nanocrystallization by severe plastic 

deformation leads to the development of an inhomogeneous distribution of elastic 

strains, which result in wide variations of the lattice parameters and, thus, of the 

magnetic character of pure Hf. This constitutes an unprecedented manifestation of the 

enormous potential of elastic strain engineering to tune the functional properties of 

materials.  

Furthermore, this work highlights the possibility of instilling such elastic strain 

fields in bulk metals of large dimensions by severe plastic deformation. Controlling the 

processing parameters such as, in the case of HPT, the applied pressure and the number 

of turns, will likely allow altering the elastic strain field. It is foreseen that this might be 

a useful tool to tailor the properties of other metals with high melting points, in which 

recovery at low temperatures is severely limited and which, therefore, are capable of 

undergoing nanocrystallization to extremely fine grain sizes. 

 

4. Conclusions 

In this work the magnetic behaviour of pure Hf processed at room temperature 

by high pressure torsion to very high strains is compared to that of the unstrained 

material. A combined approach, including density functional theory calculations and 

transmission electron microscopy, is put in place in order to elucidate the origin of the 
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observed changes in the magnetic behaviour with straining. The following conclusions 

might be drawn from the current study: 

1. Severe straining of coarse-grained pure Hf, a classic paramagnet, at room 

temperature, leads to the development of a nanocrystalline structure with grain 

sizes ranging from 5 to 50 nm. This nanostructure exhibits room temperature 

ferromagnetic behaviour.  

2. A new monoclinic pure Hf phase forms in the severely strained nanocrystalline 

structure as a consequence of the elastic lattice distortions triggered by the need to 

accommodate the imposed strain among neighbouring grains.  

3. DFT calculations demonstrate that stretching of the original pure Hf hcp lattice 

along pyramidal directions up to strains ranging between 15 and 30% leads to a 

transition to the observed monoclinic lattice, which is endowed with a 

spontaneous magnetization. 

4. Severe plastic deformation might constitute an effective tool to introduce a 

distribution of elastic strains in high melting point metals and, thus, might allow 

altering their functional properties to a measurable extent. We expect this 

approach can be extended to a large number of metals and alloys, thus widening 

their possibilities for application to yet unexplored limits. 
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Figure captions 

Figure 1. Microstructure of the as-received pure Hf. (a) SEM micrograph showing the 

coarse-grained, equiaxed polycrystalline structure; (b) TEM micrograph illustrating the 

presence of a small dislocation density within the grain interiors. 

 

Figure 2. Nanostructure of pure Hf severely deformed by high pressure torsion up to a 

strain of (a) ε~3 and (b) ε~8. TEM bright field images and the corresponding SAED 

pattern. 

 

Figure 3. (a) STEM image and SAED pattern of a very thin region located at the rim of 

the specimen; (b) high resolution STEM image of very thin region located at the rim of 

the specimen. 

 

Figure 4. Magnetic response of as-received and severely strained pure Hf. (a) 

Comparison of the RT magnetization curves corresponding to the as received material 

and to samples severely deformed up to ε~3 and ε~8; (b) Thermal dependence of the 

magnetization (Happl=1 T) for the as-received pure Hf and for a sample severely 

deformed up to ε~8. 
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Figure 5. DFT calculations of the evolution of the total magnetic moment with 

stretching along selected crystallographic directions. The crystal lattices corresponding 

to the original hcp lattice as well as to the 20% and 29% stretch configurations are 

overlaid in the same graph. 

 

Figure 6. DOS corresponding to the unstrained pure Hf and to the 20% stretch 

configuration along the <101> direction. Note the relative shift between spin up and 

down DOS maxima near the Fermi level (Ef). 

 

Figure 7. TEM analysis of the nanocrystalline structure developed upon severe plastic 

deformation processing of pure Hf. (a) SAED pattern of the region imaged in Fig. 2b 

and (b) the corresponding radial intensity profile. Red lines indicate the r-values 

corresponding to several (hkl) planes of the original Hf hcp lattice; (c) SAED pattern of 

the region imaged in Fig. 3a and (d) the corresponding radial intensity profile. Red lines 

indicate the r-values corresponding to several (hkl) planes of the original Hf hcp lattice; 

blue and green lines indicate (hkl) planes corresponding to the monoclinic lattices 

developed following, respectively, 20% and 29% stretch along the <101> directions, as 

predicted by DFT calculations.  

 

Figure 8. (a) Microstructure of the pure Hf deformed up to a strain of ε~8 and, 

subsequently, annealed at 1273 K for 5 h. (b) Reduction of the RT ferromagnetic 

component by annealing. Comparison of the RT magnetization curves corresponding to 

the as received pure Hf (solid dark line), to a sample deformed up to a strain of ε~8 

(dotted line) and, to samples deformed up to strains of ε~3 and ε~8 and, subsequently, 

annealed at 1273 K for 5 h (red and blue solid lines, respectively). 
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Table 1.  Chemical composition (ppm) of the pure Hf in the as-received state and after HPT processing using 6 GPa and N=5 at RT up to strains of ε~8. 

 

 Ca K P S Pd W Zr Ag Pt Fe Hf 

As-received 

ε~8 

- 

17 

- 

208 

- 

178 

67 

47 

75 

90 

1585 

1647 

1187 

1234 

19 

32 

16 

8 

142 

207 

Bal. 

Bal. 
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