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Ferromagnetic elements by epitaxial growth: A density functional prediction
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The periodic table contains only six natural elements with a ferromagnetic ground state. For example, the
metal uranium, which is magnetically ordered in many compounds, is paramagnetic in all its known elemental
bulk phases. Also, the iron-group elements ruthenium and osmium are known to be bulk paramagnets. We predict
by means of density functional calculations that epitaxial growth of uranium, ruthenium, or osmium on suitable
substrates may allow stabilization of bulklike films with tetragonal structures showing ferromagnetic order.
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I. INTRODUCTION

Ferromagnetism is an important but rare state of matter.
Only six natural elements are known to be ferromagnetic
in their bulk ground state, while 29 natural elements' with
a superconducting bulk ground state at ambient pressure
have been identified, hitherto. The six ferromagnetic elements
are 3d transition metals (Fe,Co,Ni) or belong to the 4 f
lanthanide series (Gd,Dy,Tb). There is no natural element
among the 5f actinides or the 4d or 5d transition metals
known to be ferromagnetic in the bulk.

Magnetism among uranium compounds is not unusual,
though. Indeed, such compounds exhibit different types of
magnetic order ranging from ferromagnetic order in US over
antiferromagnetic order in UN (Ref. 2) to canted order in
UsP,.% Yet more intriguing, coexistence of ferromagnetism
and superconductivity was found in UCoGe.* These phenom-
ena reflect the active role of U 5f electrons in forming a
broken-symmetry ground state.

Bulk elemental uranium in its orthorhombic ground-state
structure, on the other hand, is a paramagnet. This « phase
is stable up to temperatures of 940 K.> At temperatures
below 43 K, a-U undergoes three structural phase transitions
manifesting themselves in charge-density waves (CDWs).
Apart from a complex tetragonal high-temperature phase,
experiments revealed a body-centered-cubic (bcc) phase,
stable above 1045 K.’

The picture that has evolved for uranium by comparison
of experimental data with density functional theory (DFT)
describes the 5 f electrons as weakly to moderately correlated
itinerant electrons contributing to chemical bonding.%% For
example, DFT confirms the 43 K CDW state.'” Quasiparticle
GW calculations for «-U showed that self-energy corrections
mainly affect the excited-state spectra, not the occupied band
structure below the Fermi energy or ground-state properties. !’
In this context, recent DFT calculations indicated that in thin
a-U-like films thicker than one monolayer the surface layer is
probably magnetic.!>!® The occurrence of surface magnetism
was traced back to a fulfilled Stoner criterion caused by the
narrower bands and the increased density of states (DOS) at
the surface compared to the bulk counterpart.

Recent experimental progress has been achieved in the
epitaxial growth of uranium films, including the manufacture
of hexagonal close-packed (hcp) metastable bulklike'* films up
to 50 nm thickness.'>~!” Notably, an hep structure is not known
from the conventional pressure-temperature phase diagram
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of uranium.” Ferromagnetic order was found for bulk hcp
U by DFT calculations,'” but this prediction has not been
confirmed hitherto. It is therefore tempting to focus attention
on heteroepitaxial growth of films with alternative, e.g., body-
centered tetragonal (bct), structures. Such an attempt includes
bee U films aimed at in earlier growth experiments.!”

Ruthenium and osmium, both in the iron group, crystallize
in hep structures and are paramagnetic, like uranium, in their
bulk phases. Bliigel predicted, by means of DFT calculations,
ferromagnetic states for monolayers of Ru on Ag(001) and
Au(001) and of Os on Ag(001)."® Later, Watanabe et al.
carried out DFT calculations for bulk bct Ru with fixed
lattice parameter ratios c¢/a but variable volume and obtained
ferromagnetic solutions at ¢/a < 1."” Formation of 5-10 nm
bet Ru films on Mo(110) had been reported before, but their
magnetic properties were not considered.’” We are not aware
of related results for bulklike films of Os.

An appropriate theoretical frame for the study of epitaxial
bet overlayers is the epitaxial Bain path (EBP).?!>> The EBP
model assumes that a thick, bulklike film grows coherently on
a substrate with fourfold symmetry. Thus, the in-plane film
lattice parameter a is biaxially strained to fit the substrate
dimensions, resulting in tetragonal overlayers encountering
isotropic stress in the (001) plane and vanishing out-of-
plane stress along [001]. The out-of-plane lattice constant
¢ is obtained by minimizing the total energy E(a’,c’) with

respect to ¢/, and E(a)diCf E(a,c(a)) = ming E(a’,¢)|a=a.
The function E(a) is stationary at the points with c¢/a =1
(bee) and ¢/a = /2 (face-centered cubic, fcc);?? see Fig. 1
for an example.

If the strain energy, E(a) — Eo with E( denoting the energy
of the stable phase, is small enough compared to the energy
barrier for introducing misfit dislocations, highly strained films
can be stabilized in a variety of crystal structures.’>>> For
example, experimentalists succeeded in stabilizing bct Co
films on various substrates with axial ratios ¢/a from 0.94
to 1.45, covering not only the EBP range between bcc and
fcc, but also beyond; see Ref. 26 and references therein. It is
notable that this range includes a bct state at a local minimum
of E(a), which was shown to be unstable in the bulk according
to conventional elasticity theory.??

In the present work, we check by DFT the possibility of
ferromagnetic ground states in bulklike films of uranium and
of all transition metal elements which are not ferromagnetic
in their bulk structures. We indeed find large regions of
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ferromagnetic solutions along the EBP for three elements, U,
Ru, and Os. The feasibility of preparing sufficiently thick films
is investigated by calculating the related strain energy.

II. NUMERICAL DETAILS

The DFT calculations were carried out with the full-
potential local-orbital scheme FPLO-9.00-34.”” The gener-
alized gradient approximation (GGA) in the parametrization
according to Ref. 28 was used and the results were cross-
checked with the local spin density approximation; see below.

Convergence of the numerical parameters and basis was
carefully checked. Linear-tetrahedron integrations with Blochl
corrections on a 24 x 24 x 24 mesh in the full Brillouin
zone, used for reported structural properties, were sufficient
to converge the total energy at a level of 50 ueV compared
to a 48 x 48 x 48 mesh. The reported DOSs and magnetic
moments were obtained with the latter mesh. The valence
basis comprised 5df, 6spdf, 7spd, and 8s states in the case
of U; 4spd, Sspd, and 6s states for Ru; 5spd, 6spd, and 7s
states for Os.

The bct films were modeled by the space group 14/mmm.
The scalar-relativistic mode was employed for ruthenium, the
fully relativistic mode for osmium and uranium. To account
for the possibility of ferromagnetic order in the evaluation of
the EBP, total energy minimization was done with respect to
both ¢ and the magnetic moment. A few antiferromagnetic
states were checked and found to be higher in energy than
the ferromagnetic ground states; see below. The tetragonal
axis was chosen as quantization axis. All reported volumes,
energies, and moments are given per atom.

Reference calculations were performed for the orthorhom-
bic a-uranium structure (space group Cmcm) and the hcp
structure (space group P63/mmec), prepared in previous exper-
iments on epitaxial uranium films.">~!” For a-U we obtaina =
2.840 A, b = 5.829 A, c = 4.962 A (V,.; = 20.537 A”), and
y = 0.1008 A in good agreement with experiment.’ Charge-
density waves in a-uranium were neglected due to their small
energy scale of less than 1 meV.!” For hcp U, the energy is
lowest for a = 3.009 A and c/a = 1.820. As expected, it is
higher than the total energy of a-U, Epep y — Eqy = 0.19 eV.
Both the unusually large ¢/a and the energy difference agree
well with values from a published calculation, ¢/a = 1.84 and
Enpu — Equ =0.21 eV.!"7 In the experiment, the in-plane
lattice parameter of hcp U was determined tobe a = 2.96 A,!7
pointing to a small negative in-plane strain of the uranium
film deposited on a gadolinium substrate. We calculated the
relaxed ¢ /a ratio fora = 2.96 A and found c/a = 1.864, close
to the measured value, c/a = 1.90(1). The energy difference
of this strained hcp structure compared to the unstrained hcp
U amounts to 16 meV. The relaxed geometries for the hcp
phases of Ru and Os are a = 2.730 A and c¢/a = 1.58 and
a =2.759 A and c/a = 1.58, respectively.

III. RESULTS AND DISCUSSION

The total energy E(a) of uranium, Fig. 1, contains three
minima along the EBP. The maxima correspond to the bcc
and fcc structures. Qualitatively, the same rich structure
was obtained earlier by Soderlind, who reported results of
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FIG. 1. (Color online) Total energy of uranium with respect to the
energy of the stable phase Ey = E,.y for states along the EBP. The
lines are spline interpolations to the data and serve as guides to
the eye. Eyp u is indicated by a horizontal line. Nonmagnetic states
are omitted in regions where ferromagnetic states are lower in energy.

nonmagnetic calculations constrained to the experimental
volume.?® Moreover, the positions and numerical values of
the extrema agree well with the literature data; see Table I.
The extrapolated low-temperature lattice parameter of bcc
uranium, 3.474 A7 is close to our calculated value, 3.45 A.
The total energies of hcp U and of bec U are close to each
other and well above the two pronounced minima at the flanks
of the EBP. From this fact and the reported experimental
realization of 50-nm-thick hcp U films, we conclude that it
should be possible to grow bulklike'* tetragonal uranium films
on substrates in a wide a range between about 2.6 and 4.0 A.
Turning our attention to possible magnetic states we note
that according to our calculations neither the o-U nor the hcp
U shows a stable ferromagnetic state. The authors of Ref. 17
reported that in their full potential linear muffin tin orbital (FP-
LMTO) calculations bulk hcp uranium would be ferromagnetic
with a total moment of 0.12 pg. We could not reproduce this
magnetic state, although the optimized structural parameters
are very similar in our and their calculations. The absence of

TABLE 1. Positions and values of all extrema on the EBP of
uranium ordered by increasing a (decreasing c/a). The extrema are
referred to as their highest symmetry indicates; bct structures are
consecutively numbered. Type defines the type of extremum along
the EBP (min = minimum and max = maximum in total energy).
Differences in energy with respect to the ground state are compared
to GGA values available in the literature.

Type  a(A) c/a E — E,y (meV)
bet® min 2.80 1.89 142
fce max 3.16 1.41 300, 259¢
bet® min 3.38 1.07 197
bcc max 3.45,3.46* 1.00 200, 2232
bet® min 3.70 0.82 106, 92.5%°

2GGA values in FP-LMTO calculation; Ref. 8.
"With fixed c¢/a = 0.825.
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FIG. 2. (Color online) Total DOSs of «-U (shaded), hcp U
(broken line), and bet U (full line) at @ = 3.00 A, nonmagnetic mode.
The Fermi energy is indicated by a vertical line.

ferromagnetic magnetic order in hcp U is in accordance with
the relatively small value of the hcp DOS at the Fermi level
(cf. Figs. 2 and 4), which we computed to 2.75 states/eV. The
DOS of hep uranium exhibits a strong peak 0.16 eV above EF,
Fig. 2, which could become crucial for strained hcp uranium.
To test this possibility, we applied a maximum in-plane strain
of 0.045 on the relaxed hcp structure, both compressive and
tensile, with accompanied relaxation of the ¢ coordinate. We
found that magnetism is absent for such strained hcp lattices
of uranium as well.

However, ferromagnetic order is surprisingly revealed for
two regions of the EBP, 2.875 < a < 3.18A and a > 4.02A;
Fig. 1. States in the second region are high in energy and also
exhibit large in-plane stresses o = 2|d E /da|/(ac).?* From the
experimental point of view, the feasibility of epitaxial growth
depends on both parameters, E — E, y and o, in the sense
that the smaller the better.>* Thus, realization of magnetic bct
U films is realistic in the first region, but more difficult in the
second one.

Figure 3 shows the energy difference between nonmagnetic
and ferromagnetic states of bct U vs a. Its magnitude suggests
that ferromagnetism could be stable at temperatures of several
10 K. Figure 3 also displays data of spin, orbital, and total
magnetic moments for ferromagnetic bct U. Both spin and
orbital moments are of considerable magnitude, but couple
antiparallel and almost cancel each other. The remaining total
moment amounts to (0.2-0.3)up. The large orbital moment
originates from the strong spin-orbit coupling in the narrow
5f band of uranium.’® It can be yet larger in reality due to
orbital polarization, which is not considered here.

To answer the question of what drives the onset of
magnetism in certain tetragonal states, we consider the DOS
at the Fermi level, D(EF), vs a; see Fig. 4. D(Er) shows great
variability along the EBP with peak values more than twice
as large as the ground-state DOS, D, y(Er) = 2.5 states/eV.
Similar values for D,.y can be found in the literature.®!'! We
note in Fig. 4 that Ds¢(Eg) > 3.5 states/eV in the ferromag-
netic regions, while it is smaller outside. The Stoner criterion
for the onset of magnetism, I D(Eg) > 1, with the Stoner
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FIG. 3. (Color online) Total, spin, and orbital magnetic mo-
ments for the magnetic states of the EBP of uranium, left-hand
axis, and total energy difference AE = E(non-spin-polarized) —
E(spin-polarized), right-hand axis. Lines guide the eye. Note that
relaxation of ¢ yields different values for magnetic and nonmagnetic
states. Thus, c/a gives approximate values.

exchange integral Iys; &~ 0.2 eV,'*3! is not fulfilled in the
whole ferromagnetic region but only in its central parts. In the
other parts of the ferromagnetic region, a nontrivial situation®
with a metastable nonmagnetic and a stable ferromagnetic state
is obviously present.

It has been argued?®*3* that the narrower bandwidth of the
dominant 5 f band in uranium compared to the d bandwidth
in a transition metal is the decisive factor causing uranium
to crystallize in a low-symmetric, open crystal structure. The
mechanism that stabilizes such open structures is considered
to be similar to a Peierls or Jahn-Teller distortion. Metals
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FIG. 4. (Color online) Total and 5 f-projected DOSs at the Fermi
energy Er, D(EF), for the states along the EBP of uranium, calculated
in the non-spin-polarized mode. The solid lines guide the eye. The
difference between the two curves can be almost exclusively attributed
to 6d states (not shown). The gray bar indicates the region of
ferromagnetic states of the EBP, Fig. 1. Horizontal dash-dotted and
dotted lines mark the corresponding total and 5 f-projected values of
hep U and of «-U, respectively.
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FIG. 5. (Color online) Lattice parameter ratio c/a and relative

volume for the EBP of uranium. The volume is given with respect

to V,u, and the horizontal red (gray) line indicates V/V,y = 1.

The other lines guide the eyes. The gray bars indicate the regions of
ferromagnetic states on the EBP.

with narrow bands close to the Fermi energy may gain energy
by crystal structure distortion from high-symmetry to low-
symmetry structures. We suggest that a converse argument is
valid in the present case. By coherency with the substrate, a
high symmetry is imposed. This brings a high Ds;(Er) for
certain values of the substrate lattice parameter a. A likely
energy-lowering mechanism in such a case is the onset of
ferromagnetism, since the structure is constrained.

It is worthwhile to have a closer look at the structural
properties (volume and c/a ratio) of the tetragonal states
constituting the EBP. In Fig. 5 we plotted c(a)/a vs a, which
is expected to follow a hyperbolic decrease as a is increased,
if the volume is conserved under the biaxial stress. At variance
with this expectation, the curve shows two rootlike anomalies.
Both anomalies coincide with sharp peaks of D(Eg) vs a,
i.e., their electronic origin is a Van Hove singularity at the
Fermi level. This means that the almost sudden change of c¢/a
and the related volume change can be attributed to the same
mechanism>* that is responsible for the open structure of a-U:
a competition between band energies and electrostatic terms.

The resulting strong dependence of the atomic volume on
a, varying by more than 15% in the considered a range, favors
magnetism. Ferromagnetic solutions occur in a range where
the atomic volume is larger than in ¢-uranium. It is instructive
in this context to compare the DOS of «-U with that of bct
U; Fig. 2. Without loss of generality we chose the tetragonal
state at a = 3.00 A (with ¢/a = 1.67). The width of the 5 f-
dominated band is clearly narrower in the bct structure than in
the orthorhombic structure due to the larger atomic volume.
Moreover, the Van Hove singularities are more pronounced in
the bet structure due to the imposed higher symmetry. Both
effects act together, causing a high D(E¥F) of bct U with related
magnetic instability.

Itis further interesting to consider the tetragonal state lowest
in total energy, bet®, with a calculated ratio of ¢/a = 0.82.
This ratio is close to the value /2/3 A 0.816, the ideal ratio
of the so-called bctj structure. In this structure each atom
has ten nearest neighbors at exactly the same distance.*> For
protactinium, the actinide element preceding uranium, the
observed ground-state structure is bct with ¢/a = 0.825. A
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FIG. 6. (Color online) Total energy along the epitaxial Bain
path of ruthenium (upper panel) and osmium (lower panel) with
nonmagnetic and ferromagnetic solutions. The energy curves are
spline interpolations to the data and are given with respect to the
energy of the stable hcp phase Ey = Eyp. The lines serve as guides
to the eye.

predicted transformation path of «-uranium under pressure is
a-U — bet U — bee U. The related calculation was done
with ¢/a = 0.82 for bet.?? However a-uranium was found to
be stable in experiment up to pressures of 100 GPa.®
Encouraged by the results on uranium, we investigated the
EBP of all transition metal elements including the group-
3 elements Sc, Y, La, and Lu but excluding the known
ferromagnets Fe, Co, and Ni, for the occurrence of unknown
ferromagnetic states.>’ Among these 28 elemental metals, only
two, Ru and Os, could be identified as showing ferromagnetic
solutions on a part of the EBP in the DFT calculations,
Fig. 6. In the case of Ru, we find a stable ferromagnetic
state for @ > 3.05 A with an energy down to 38 meV below
the nonmagnetic state. For Os, the ferromagnetic solution is
stable for @ > 3.35 A and the related energy gain reaches
up to 13 meV. In both cases, the magnetism is driven by a
Stoner instability as in bct U. The spin moments and total
moments range between 0.4 g and 0.7 g for Ru and between
0.5 ug and 0.7 ug for Os; see Fig. 6. In the case of Ru, there
is a dip in the a dependence of the spin moment close to
a = 3.07 A caused by a jump in c(a).>” The strain energies of
the bct Ru and bet Os ferromagnetic states are a factor of 2-5
larger than that of ferromagnetic bct U. However, assuming
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an inverse relation between the critical film thickness and the
strain energy, one can expect 10 nm films to be producible.

For all three elements, we found that ferromagnetic order is
preferred against layerwise antiferromagnetic (AF1) order. In
the case of uranium, the related energy difference amounts
to 5 meV (checked for a = 3.00, 3.10, 3.15, and 4.10
A). For ruthenium and osmium we considered the whole «
range where ferromagnetic solutions were found and obtained
energy differences between AF1 and ferromagnetic order of
5-35 meV and 6-12 meV, respectively. In addition, a state
with layerwise order of the type 11 ] was tested in the case
of ruthenium (whole a range) and found to be 5—17 meV above
the ferromagnetic state, but in all cases below the AF1 state.

All presented results remain qualitatively the same when the
local spin density approximation is used in the parametrization
of Ref. 38 instead of the GGA. For the case of uranium, we
find ferromagnetic solutions for 2.90 < a < 3.05 A with a
maximum total moment 0.12 pp and a maximum energy dif-
ference AE = E(non-spin-polarized) — E(spin-polarized) =
1.7 meV. For Ru, ferromagnetic order is stable fora > 3.10 A
with a maximum spin moment of 0.50up and a maximum
AE = 9.3 meV. Os orders ferromagnetically for a > 3.35 A
with a maximum total moment of 0.37 ug and a maximum
AFE = 0.6 meV.

PHYSICAL REVIEW B 85, 024407 (2012)

IV. CONCLUSIONS

To conclude, we predict magnetic ground states of ele-
mental uranium, ruthenium, and osmium prepared in centered
tetragonal structures with appropriate in-plane lattice spacing.
This can be achieved by epitaxial growth of thick, bulklike
films on suitable substrates. The feasibility of this goal has
been checked by the evaluation of strain energies. While we
cannot completely exclude a complicated type of antiferro-
magnetic order or more exotic symmetry-breaking effects, a
nonmagnetic state was shown to be unstable. The expected
ferromagnetic ordering temperatures are in the range of several
10 K in all three cases, with the highest value predicted
for ruthenium. An interesting implication would be possible
competition between superconductivity and magnetic order,
since all three elements are known to be superconductors with
critical temperatures close to 1 K in their ground-state phases.
Finally, we note that we did not find any hint of ferromagnetic
order at experimentally accessible parts of the EBP among 26
further elemental transition metals.
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