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Magnetism and deformation of epitaxial Pd and Rh thin films
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By means of ab initio calculations, we investigated structural and magnetic properties of Pd and Rh thin
films, determining their lattice parameters and epitaxial stresses when they are grown on various substrates, and
provided a comparison with available experimental data. Further, we studied in detail the magnetic properties
of Pd in the higher-energy hcp structure and of Rh in the higher-energy bcc structure. The results predict that
the hcp(112̄0) Pd films [grown by epitaxy on the Nb(001) substrate] should not be ferromagnetically ordered.
Concerning the hcp Pd, we mainly investigated the influence of the hcp c/a ratio on the hcp film stability and on
the ferromagnetic order. It turns out that the c/a ratio has to be below 1.622 to induce the ferromagnetic order
in hcp Pd. We proposed a technological route for obtaining ferromagnetic hcp(112̄0) Pd films and explained the
experimentally observed ferromagnetism in twinned Pd nanoparticles induced by strain. We also found that bcc
Rh is ferromagnetically ordered, but it cannot be stabilized in the form of thin films. Therefore, we investigated
the dependence of ferromagnetic order in bct Rh on the tetragonal c/a ratio and compared our results with
experiments performed on Rh/Fe(001) multilayers.

DOI: 10.1103/PhysRevB.93.134422

I. INTRODUCTION

Given a system of point particles in classical mechanics,
one can estimate the equilibrium state using the principle
of virtual work [1]. Similarly, given a quantum mechanical
system of atoms arranged in a periodical lattice, one can
estimate its equilibrium volume by letting the volume change
and choosing that one minimizing the total energy of the
system. The situation becomes much more interesting if the
system is subject to some constraints.

An example is a thin film that grows on a substrate. If
epitaxial growth occurs, then at least one of the crystallo-
graphic directions of the film is parallel with the corresponding
crystallographic direction of the substrate (see Fig. 1).

Further, if the film grows pseudomorphically with the
substrate, then the lateral periodicity of the film is the same
as that of the substrate. As a result, both in-plane lattice
parameters of the film are constrained.

Allowing the interlayer distance to relax and minimizing
the total energy of the system with the constraints, we can
determine the equilibrium structure of the layers of a thin film
on a substrate. The film may be still regarded as a bulk material
(periodically repeated in all directions), but the constraints on
the structural parameters enforce the desired pseudomorphic
(or only epitaxial) relationship with the substrate.

The constraints due to the epitaxial relationship of the film
and substrate enforce epitaxial stress in the heterostructure.
From the theoretical point of view, one can calculate how big
the stress is and hence assess the structure stability of the
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film. Further, the stability of crystalline modifications of thin
films and their new physical properties can be theoretically
predicted.

Many of the results of modern applied physics have
been obtained just by the research on thin films. A general
example is a decades-long research on the epitaxial growth of
semiconductor heterostructures that has provided the base of
modern electronic devices used today.

From the theoretical point of view, much of the experi-
mental work can be made more efficient if experimentalists
can exploit the theoretical prediction of ab initio calculations.
Recent examples of such predictions include ferroelectricity
in TiO2 (Ref. [2]), electrocaloric effect in BaTiO3 (Ref. [3]),
or insulator-metal transition in LaTiO3 (Ref. [4]).

This study is focused on palladium and rhodium and their
magnetic properties. Not only do their outer atoms on the
surface perform catalytic work [5,6] and help to dissociate
molecules in the vicinity of the surface, but the film itself
may gain new structural or magnetic properties if grown on
a suitable substrate [7–13] or in a form of multilayers [14].
Here we do not have in mind the enhancement of magnetic
moments of atoms close to the surface or a grain boundary [15]
but a complete altering of magnetic behavior (e.g., from
paramagnetic to ferromagnetic) of the whole film [9,16–18].

It is noteworthy to point out that searching for magnetic
properties of normally nonmagnetic materials in the form of
epitaxial heterostructures applies not only to metals but, for
example, to Ga(Mn)As semiconductors [19].

Some of the experimental works that have attracted our
interest to study theoretically the 4d metals Pd and Rh are (i)
the growth of hcp Pd(112̄0) films on Nb(001) [8,12,13] and on
W(001) substrates [9,11] and (ii) the growth of bct Rh in Fe/Rh
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FIG. 1. Considered orientations of fcc and hcp Pd films and fcc
and bcc Rh films with respect to the substrate. The substrates have the
(a) fcc(001), (b) fcc(111), (c) hcp(112̄0), and (d) bcc(001) orientation.

multilayers [14]. The question is if a normally paramagnetic
metal such as Pd and Rh in the form of thin films can exhibit
ferromagnetic properties if grown in different crystalline
modification and/or be strained due to epitaxial misfit with the
substrate. At last, a study of possible ferromagnetic ordering
in these 4d metals is a logical continuation of the study of the
thin films of ferromagnetic 3d metals Fe, Co, and Ni [20–23].

As an additional product of this research, new technological
routes may be found. For example, recent experimental works
show that ferromagnetism in fcc twinned Pd nanoparticles
can be induced by strain [24]. This indicates a possibility to
use the altered Pd structure as a very sensitive strain gauge.
This is possible if one notes that the ABAB stacking of the
(0001) atomic planes in hcp Pd film can be, in principle,
regarded as a perturbed ABC fcc stacking with a vast number
of inserted stacking faults. Moreover, a thin film is, in principle,
more suitable to handle, technologically, than a nanoparticle.
Further, calculations in Ref. [25] provide a very low energy
difference between paramagnetic and ferromagnetic hcp Pd,
of the order of meV/atom. This indicates a very low Curie
temperature of the hcp Pd phase and could be greatly exploited
in magneto-optical devices where laser power is increased to
heat the material to the Curie point in a single spot.

Other calculations that may have technological impact
concern ferromagnetism in Pd films that can be driven by
applying an electric field [26]. Also, calculations [27–29] have
predicted ferromagnetism in Pd thin films induced by quantum
wells. These findings have been experimentally confirmed by
later experiments with thin Pd films grown on SrTiO3(100)
substrate [30].

Calculations on Rh have predicted that Rh thin films
grown on Ag(001) substrate may be ferromagnetic up to

two monolayers [31,32]. Similarly, calculations for a Rh
monolayer grown on Cu(001) substrate and capped with
one Cu monolayer [33] found the Rh monolayer to be
ferromagnetic, though with a small value of magnetic moment
of 0.057 μB/atom. All these findings may have a technological
impact.

When making theoretical examination of a thin film one
needs to know the present stress and strain. For this purpose,
a curve depicting the variation of the total energy with
the nearest-neighbor distance DNN in the plane of the film
parallel to the substrate was calculated and, using its numerical
derivative, the variation of epitaxial stress in the film σ epi with
DNN was obtained [21–23]. It turned out that the use of the bulk
model under constraints set by the substrate was in many cases
surprisingly accurate in determining the structure parameters
of the film, demonstrating also a strong predicting power: For
example, the experimentally determined structure parameters
of Fe overlayers grown on the Ir(001) substrate [34] agreed
remarkably well with the theoretical prediction obtained with
the help of a previously calculated total-energy contour plot
for bulk iron presented in Ref. [20].

The behavior of σ epi calculated for a set of given structures
with variable DNN can be confirmed by additional points
determined by experimentalists. They can choose a particular
substrate with a given nearest-neighbor distance DNN and
measure the interlayer distance d of the film grown on it.
Interestingly enough, ab initio calculations can predict just
those regions of DNN that correspond to a strained film with
physically interesting properties.

Another example is the study of strained tetragonal states
of V, Co, and Cu [35], V, Ti, and Sr [36], and V, Nb, Ru, La,
Os, and Ir [37], as well as of tetragonal and trigonal states in
Po [38,39]. On the whole, the search for regions with unusual
physical properties is the main goal of this study.

In the present work, we investigate several crystalline
structures of Pd and Rh thin films which can be grown
on various substrates (Fig. 1). We determine their lattice
parameters and in-plane stresses. More light is shed on
the discussion of possible ferromagnetic ordering in hcp
Pd [9,25,40,41], where we have found a region of existence of
ferromagnetism (FM) depending on the atomic volume and c/a
ratio of lattice constants. Similarly, we have investigated the
ferromagnetic ordering of bcc Rh discussed in Refs. [17,18,31]
and [42].

The paper is organized as follows. After introducing and
describing the methods of calculations in Sec. II, Sec. III
presents the results regarding the structure and epitaxial
stresses in Pd and Rh films for different orientations with
respect to the substrate. These results are thoroughly discussed
in Sec. IV. Concluding Sec. V summarizes the whole work.
A considerable number of figures necessary for discussion of
the theoretical predictions are referred throughout the text in
Secs. III and IV.

II. METHODS OF CALCULATION

The deformation of the bulk structure consists of lowering
its symmetry by stretching the corresponding film along
directions parallel to the substrate. For example, the bulk fcc
structure illustrated in Fig. 1(a) can be stretched along the
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[100] and [010] directions or, respectively, along the [110] and
[11̄0] directions.

Apart from the in-plane nearest-neighbor distance DNN

mentioned in the previous section, we also introduce the
interlayer distance d, similarly as in Ref. [21]. For both the
fcc(001) and the fcc(111) planes we have DNN = afcc/

√
2,

where afcc is the lattice constant of the fcc structure.
On the other hand, the epitaxial relationship of an hcp(112̄0)

film on bcc(001) substrate [Fig. 1(c)] is different. For example,
the first two layers of Pd film grow pseudomorphically
with the bcc W(001) substrate [7,11] or with the Nb(001)
substrate [8,13]. On top of these two layers, islands of hcp Pd
film appear. For the islands DNN = chcp/2.

For the bcc structure [Fig. 1(d)], DNN has the same value
as the lattice constant of the bcc structure abcc.

The interlayer distance d for undeformed structures is afcc/2
[Fig. 1(a)], afcc

√
3/3 [Fig. 1(b)], ahcp/2 [Fig. 1(c)], and abcc/2

[Fig. 1(d)].
Following the ideas presented in Ref. [21], we calculate

a curve that exhibits the variation of total energy of the
elementary unit cell E with the in-plane distance DNN. For
situations illustrated in Figs. 1(a) and 1(d), it is straightforward
to determine the epitaxial stress σ epi in the film. Let ε denote
the in-plane strain of the film,

ε = a

a0
− 1, (1)

where a0 and a represent the in-plane lattice constant before
and after the strain is applied. Further, let A denote the area of
that face of the elementary unit cell that is perpendicular to the
direction of a and a0. The employed unit cell is tetragonal. It
may either have the ratio of lattice parameters c/a close to the
value of

√
2 and thus represent the face-centered tetragonal

structure [close to the fcc structure, Fig. 1(a)], or it can exhibit
c/a close to the value of 1 and represent the body-centered
tetragonal structure [close to bcc structure, Fig. 1(d)]. In both
cases

A = ac. (2)

The σ epi in the film is then calculated via the numerical
derivative of E with respect to the strain as

σ epi = 1

2

1

Aa0

∂E

∂ε
. (3)

For each value of ε in Eq. (3) we perform the relaxation of
the tetragonal lattice constant c that is perpendicular to the
substrate. Equation (3) applies also for calculation of epitaxial
stress in the fcc(111) films [Fig. 1(b)]. There the fcc(111)
structure of the film is described within a hexagonal unit cell
that contains three hexagonal layers ABC and has the lattice
parameters ahex = afcc/

√
2 and chex = afcc

√
3. When applying

the strain ε, it is more convenient to switch to an orthorhombic
unit cell with lattice parameters ahex

√
3, ahex, and chex. The area

A of that face of the orthorhombic unit cell that is perpendicular
to the direction of ahex is

A = ahex

√
3 chex. (4)

Equations (1) and (3) hold in the same form noting that the
lattice parameters a and c now stand for ahex and chex.

The situation is quite different for the epitaxial relationship
illustrated in Fig. 1(c). Here, the hcp(0001) atomic planes
are perpendicular to the surface of the substrate and two
constraints apply in the plane of the substrate surface: one
for DNN = chcp/2 and the other for ahcp [11,43]. In order to
determine the epitaxial stress in those hcp(112̄0) Pd films,
we have approximated it by an uniaxial stress σ uni along the
[0001] direction. With ε being the strain of the hexagonal unit
cell in the [0001] direction,

ε = c

c0
− 1, (5)

and A the area of the (0001) face of the hexagonal lattice,

A = a2

√
3

2
, (6)

the uniaxial stress is computed as

σ uni = 1

Ac0

∂E

∂ε
. (7)

For each value of ε in Eq. (7) we perform the Poisson
contraction of the area A that is perpendicular to the direction
of c and c0.

The total energy E is calculated using the full-potential
linearized augmented plane wave method (FLAPW) as imple-
mented in the WIEN2k code [44]. For exchange-correlation en-
ergy, we used the local (spin) density approximation LDA [45].
It is a common wisdom that LDA gives a good description of
the 4d metals. Further justification of using LDA for calcu-
lating the electronic structure of Pd is that it gives the correct
nonmagnetic ground state of fcc Pd. In Fig. 2(a) we can see that
the ferromagnetic energy gain ENM − EFM is much less than
the estimated error of the calculations (0.8 meV/atom) in the
whole range of atomic volumes studied. This is not so if other
available approximations of exchange-correlation energy are
used. Namely, the PBE [46], PBE-sol [47], and Wu-Cohen [48]
approximations yield an incorrect ferromagnetic ground state
of fcc Pd. The ferromagnetic energy gain given by PBE at the
equilibrium volume is very small (2 meV/atom) and for PBE-
sol and Wu-Cohen xc energy it is almost negligible. However,
calculations in those approximations retain a nonzero magnetic
moment for fcc Pd [Figs. 2(b)–2(d)]. This is in contradiction
with experimental findings.

There is one disadvantage of using LDA for electronic
structure calculations of Pd and Rh and this is the underes-
timation of equilibrium atomic volume by 3.69% (Pd) and
3.55% (Rh) and overestimation of the bulk modulus by 18%
(Pd) and 19% (Rh) (see Tables I and II). To overcome this
difficulty, we introduced a volume correction that causes the
value of equilibrium volume to be equal to the experimental
value (Figs. 3 and 4). When performing the volume correction,
the shape of the cell is kept and only its volume is multiplied by
( aexp

aeq
)3 where aexp and aeq are the experimental and equilibrium

lattice constants of fcc Pd and Rh, respectively. Multiplying
all the lattice constants with the same number increases the
equilibrium volume of the (tetragonal or hexagonal) unit cell
so that it is now equal to the experimental value. It means that
the zero stress is found at the experimental atomic volume
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FIG. 2. Variation of the ferromagnetic energy gain ENM − EFM and magnetic moment μ per atom for fcc Pd and various exchange-correlation
energy functionals. The Wu-Cohen functional (c) gives the best agreement of the Pd lattice constant with experiment. Note a different energy
scaling in panel (a).

(Figs. 5–7, 14, and 15). The lattice parameters a and c of
the tetragonal (or hexagonal) unit cell remain in the same
proportion as they were before the volume correction was
applied. It also means that the shape of the unit cell keeps
being fixed. The effect of applying volume correction to the
calculated values of σ epi and σ uni in Eqs. (3) and (7) is very
small: They are lowered by about 3%–4% with respect to the
uncorrected case.

The effect of the volume correction may be seen in plots of
energy volume curves of fcc Pd (Fig. 3) and fcc Rh (Fig. 4).
The main reason for introducing the volume correction is to
reproduce the equilibrium lattice parameters of the Pd and Rh
films as well as possible. Together with the fcc ground states of
Pd and Rh we have considered the higher-energy states of hcp
Pd and bcc Rh as those structures are promising candidates
for ferromagnetic ordering. It is seen that at higher volumes
of hcp Pd and bcc Rh the ferromagnetic (FM) ordering is
energetically favored with respect to both nonmagnetic (NM)
and antiferromagnetic (AFM) ordering. [The AFM ordering

TABLE I. Calculated and experimental lattice constants and
elastic moduli of fcc Pd.

Lattice constant B c11 c12 c44

(Å) (GPa) (GPa) (GPa) (GPa)

Experiment [49] 3.8893 195 234 176 71
This work (LDA) 3.8409 230 277 207 82
Reference [50] (LDA) 3.8624 201

in hcp Pd and bcc Rh has been considered as if the Pd atoms
in subsequent (0001) hcp atomic planes and Rh atoms in
subsequent (001) bcc atomic planes had antiparallel alignment
of their magnetic moments.] The energetics of the FM and
AFM orderings in hcp Pd and bcc Rh is shown in Figs. 12
and 18 in the next sections. Further, if not stated otherwise, the
volume correction is applied in all illustrations.

The details of calculations of the total energy are as follows.
We have kept the radii of muffin-tin spheres constant at
2.34 a.u. for Pd and at 2.30 a.u. for Rh. The energy dividing the
valence and (semi)core electrons has been set to −7.0 Ry and
the product of muffin-tin radius and the maximum reciprocal
space vector, RMTKmax, was equal to 8.8. The maximum value
� for the waves inside the atomic spheres, �max, was set to
10 and the magnitude of the largest reciprocal vector G in the
charge Fourier expansion, Gmax, was equal to 16. We employed
20 000 k-points in the first Brillouin zone in the mesh generated
by the Monkhorst-Pack scheme [53] for the fcc structure and

TABLE II. Calculated and experimental lattice constants and
elastic moduli of fcc Rh.

Lattice constant B c11 c12 c44

(Å) (GPa) (GPa) (GPa) (GPa)

Experiment [51] 3.8034 269 422 192 194
This work (LDA) 3.7578 320 499 231 218
Reference [50] (LDA) 3.7763 312
Reference [52] (LDA) 3.77 309 482 222 206
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FIG. 3. (Left) The energy-volume curves for fcc and hcp Pd.
Vertical lines denote the experimental and equilibrium atomic
volumes. (Right) The same after the volume correction.

used a similar density of k-points for all other structures. The
energy convergence criterion was 2×10−5 eV/atom and, on
the basis of the convergence tests with respect to the number
of k-points and RMTKmax, the error in calculated total energies
may be estimated to be less than 8×10−4 eV/atom.

III. RESULTS

A. Palladium

The dependence of total energy on DNN mentioned in the
previous section has been computed for fcc Pd films grown
on the (001) substrates [Figs. 1(a) and 1(d)] and on the (111)
substrates [Fig. 1(b)]. The calculated structural parameters of
a Pd film grown on the (001) substrate and the corresponding
epitaxial stresses present in such a film are shown in Fig. 5.
The available experimental data corresponding to Fe(001),
Au(001), MgO(001), and SrTiO3(001) substrates have been
taken from Refs. [54–56] and [30]. These experimental data
indicate that the growth of the Pd film at the MgO substrate is
only epitaxial and not pseudomorphic. The data for the SrTiO3,
Fe, and Au substrates indicate pseudomorphic growth of the
Pd(001) film.

Generally, the experimental interlayer distance d varies
with the thickness of the measured film. Assuming the bulk
model of the film, the points represent those experimental
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FIG. 4. (Left) The energy-volume curves for fcc and bcc Rh.
Vertical lines denote the experimental and equilibrium atomic
volumes. (Right) The same after the volume correction.

values of d that were measured in the thickest films and the
error bars show the variance of d and DNN measured in Pd(001)
films with different thicknesses.

However, the bulk model need not always be the best one.
An example is the Pd(001) film grown on the MgO(001)
substrate [56] (see Fig. 5). It exhibits larger lattice mismatch:
(aPd − aMgO)/aMgO = −7.64%. If coherent Pd islands are
grown on MgO(001) with a coverage of less than 0.2
monolayers, then the interlayer distance d = 1.895 Å is close
to the bulk value 1.945 Å. However, a 12.5-monolayer-thick
Pd film grows in the form of incoherent islands with disordered
dislocations and its interlayer distance decreases to 1.785 Å.

We have further predicted the lattice parameters of pseudo-
morphic body-centered tetragonal Pd films as they have been
experimentally grown on the Nb(001) [8,13], W(001) [7,11],
and V(001) [57] substrates (see Table III and Fig. 5).

The noise in epitaxial stress close to the value of DNN =
2.87 Å is not attributed to ferromagnetism. It is only a noise in
the calculations of the total energy.

Figure 6 shows the dependencies of epitaxial stresses and
lattice constants of Pd(111) films grown on various fcc(111),
hcp(0001), and bcc(110) substrates. The available experimen-
tal data for Pd(111) films have been found in Refs. [58] and [59]
for Ni(111) and in Refs. [40,60–69] for Cu(111), Ru(0001),
Re(0001), FeO(111), Pt(111), Al2O3(0001), Al2O3(21̄1̄0), and
W(110) substrates.

The value of interlayer distance d for Pd film grown
on Ni(111) substrate has been estimated roughly as a step
height of a terrace using scanning tunneling microscope [59].
Other values of interlayer distances have been determined
using more sophisticated methods, such as low-energy electron
diffraction (LEED) or reflection high-energy electron diffrac-
tion (RHEED). Our lattice parameters of Pd films grown on
Ru(0001), Al2O3(21̄1̄0), and W(110) substrates agree very
well with experimental data (see Fig. 6). It indicates that these
three substrates are very suitable for pseudomorphic growth of
the Pd(111) film. Concerning fcc(111) Pd films on the other
substrates, the experimental values of their in-plane distance
DNN and interlayer distance d deviate from the theoretical
line in Fig. 6. This, on the contrary, indicates only epitaxial
growth of the fcc(111) Pd films on those substrates, but not
pseudomorphic growth.

The hcp(112̄0) Pd film is depicted in Fig. 1(c). First, at this
epitaxial relationship, the axis of the hexagonal honeycomb is
positioned parallel to the substrate surface and the atoms in
(112̄0) Pd planes form a zigzag pattern [43]. The hcp(112̄0)
Pd layers grow epitaxially on Nb(001) and W(001) sub-
strates [7,8,11–13]. Depending on the in-plane lattice constant
of the substrate, there is a good fit in one of the [0001] and
[11̄00] directions, while in the other direction the fit is not so
good. It results in island growth where the islands have a shape
of elongated orthogonal rectangular domains that are mutually
interlocked. The hcp crystalline phase in the films is stabilized
inside these domains. The network of domain boundaries
inhibits dislocation motion and thus a phase transition back
to the ground-state fcc structure of Pd [43].

In an attempt to simplify the situation, we have modeled
only uniaxial deformation in the [0001] direction (i.e., in
the direction of chcp) and relaxed the lattice parameters in
the directions perpendicular to [0001]. Figure 7 shows that
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this treatment can be justified for hcp(112̄0) Pd films grown
on bcc(001) substrates. The experimental value of interlayer
distance d is now available only for the Nb(001) substrate [70].

Similarly as in Refs. [20,22,23] and [36], we have illustrated
both biaxial and uniaxial deformation of Pd and its total energy
per atom E in the coordinates of c/a and V/Vexp. The results
are contour plots of energy as a function of two variables:
(1) c/a is the ratio of lattice parameters of elementary unit cell
and (2) V/Vexp is the relative atomic volume with respect to the
experimental atomic volume. The unit cell can be tetragonal
for Pd films on fcc(001) substrates or hexagonal for Pd films
grown on fcc(111) or hcp(0001) substrates. The body-centered

TABLE III. The predicted lattice parameters abct and cbct of
pseudomorphic bct Pd films grown on bcc substrates. The value abct

is the same as the bcc lattice constant of the corresponding substrate;
the value of cbct equals 2d (see Fig. 5).

Substrate abct (Å) cbct (Å)

Nb(001) 3.300 2.756
W(001) 3.165 2.950
V(001) 3.030 3.261

tetragonal structure that corresponds to the fcc structure of Pd
has atetra = afcc/

√
2 and ctetra = afcc; therefore, ctetra/atetra =√

2 (Fig. 8).
If the fcc structure is specified in terms of a hexagonal unit

cell [Fig. 1(b)], then ahex = afcc/
√

2 and chex = afcc

√
3 (fcc

body diagonal). As a result, chex/ahex = √
6 (Fig. 9).

The last considered system is the structure of hcp(112̄0) Pd
film growing on bcc(001) substrates. In the calculations, it is
described in terms of a hexagonal unit cell with the relaxed
ratio of chcp/ahcp = 1.68 (see Fig. 10). This equilibrium
value is similar to the experimentally observed value of 1.67
(Refs. [43,70]). The jump on the biaxial deformation path at
c/a = 1.51 in Fig. 10 is due to a change of magnetic moment
from more than 0.3 μB/atom to zero as is shown in Fig. 11.

Together with these contour plots of total energy we also
present the biaxial and uniaxial deformation paths. In Fig. 8
they correspond to epitaxial and uniaxial Bain paths discussed
in Refs. [20,22] and [35].

It may bee seen in Figs. 8 and 9 that the uniaxial and biaxial
deformation paths intersect at the points of high symmetry, as
are, for example, the points of c/a = √

2 and V/Vexp = 1 of
the fcc structure and the point of c/a = 1 and V/Vexp = 1.01
corresponding to the bcc structure (Fig. 8).
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In an attempt to search for possible ferromagnetic ordering
in altered Pd structures, we have studied the behavior of atomic
magnetic moment per unit cell with respect to atomic volume
(Fig. 12). The ratio of chcp/ahcp was relaxed for every volume
considered. Also, Fig. 13 exhibits the DOS of hcp Pd for
various uniaxial deformations.

B. Rhodium

Analogously to Pd, we determined the lattice parameters
of Rh(001) and Rh(111) films and their epitaxial stresses
(Figs. 14–18). The connection between our results for Rh(001)
films and the experimental findings about Fe/Rh multilay-
ers [14] is given in Sec. IV. The results for Rh(111) films
presented in Figs. 15 and 17 agree with experiment [71] that
reports a pseudomorphic growth of a three monolayers thick
Rh film on the Ru(0001) substrate. Photoelectron diffraction
study of Rh nanoparticles grown on Fe3O4/Pd(111) ultrathin
film [72] has shown that the first interlayer distance dRh1-Rh2

is 2.072 Å, while the next interlayer distances dRh2-Rh3 and
dRh3-Rh4 amount to the bulk value of 2.195 Å.

Again, as in the case of Pd, we have considered both
biaxial and uniaxial deformation of Rh and its total energy
per atom E in the coordinates of c/a and V/Vexp.

We have studied the behavior of atomic magnetic moment
per unit cell with respect to atomic volume. In agreement
with Refs. [10,18] and [73] we have found one candidate
for ferromagnetic ordering: bcc Rh (Fig. 18). This promising
finding is, however, somewhat obscured by the fact that the bcc
structure is not the ground-state structure of Rh and any techno-
logical route for producing magnetic Rh films must first solve
the task of stabilizing bcc Rh films. Generally, our research
adds bcc Rh to the group of bulklike tetragonal films with
ferromagnetic order. The calculated ferromagnetic ordering in
bcc Rh has been probably overlooked in the systematic study
of the stabilization of such films given in Ref. [74].

IV. DISCUSSION

A comparison of Figs. 14 and 15 to Figs. 5 and 6 illustrates
that it is much more difficult to deform Rh than Pd. The
difference in epitaxial stresses is very well seen in the case
of Pd(001) and Rh(001) films where the maximum of σ epi in
Rh (30.8 GPa) exceeds six times the maximum of σ epi in Pd
(5.1 GPa). A similar difference is found between Rh(111) and
Pd(111) films where the maximum of σ epi amounts to 37.4
and 17.4 GPa, respectively. The hcp(112̄0) Pd films exhibit
somewhat higher maximum uniaxial stresses (−22.4 GPa in
compression and 28.3 GPa in tension) in the [0001] direction
than the biaxial stresses in Pd(001) and Pd(111) films. These
values are comparable to the values of maximum uniaxial
stresses in the [111] direction of fcc(111) Pd films (not
shown in Figs. 5–7, 14, and 15). Those are −31.8 GPa in
compression and 28.7 GPa in tension. Unlike tensile stresses,
the compressive stresses of fcc Pd in the [111] direction and
of hcp Pd in the corresponding [0001] direction differ. Hcp
Pd is by about 30% more compliant to compression than
fcc Pd.

This can be exploited technologically, as the compressed
hcp Pd is a good candidate for a ferromagnetic Pd film.
The open squares in Figs. 10 and 11 represent the uniaxial
deformation path of the hcp(112̄0) film in the [0001] direction.
(The biaxial deformation path of hcp Pd corresponding to
circles was added only for a better comparison with Fig. 9.)
It is obvious that hcp Pd films with a lower ratio c/a

are more prone to become ferromagnetically ordered. The
maximum compressive stress of hcp Pd is found at about
DNN = chcp/2 = 1.92 Å (Fig. 7). This corresponds to the value
of d = ahcp/2 = 1.50 Å and thus the maximum attainable ratio
of c/a is 1.28. This is far below the range of c/a between 1.513
and 1.622, where ferromagnetism is most likely to occur (see
the plateau where magnetic moment amounts to 0.3 μB in
Fig. 11).

To obtain a ferromagnetic hcp Pd film at a lowered c/a ratio,
one needs to compress the hcp(112̄0) Pd structure in the [0001]
direction. In such a way one can reach the ferromagnetic region
exhibited in Fig. 11. The uniaxial deformation path passes
through the ferromagnetic region. As an example, there is one
square symbol belonging to that path that has the hexagonal
ratio c/a = 1.564. It is by about 7% lower than the calculated
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c/a = 1.68 ratio for hcp Pd and corresponds to the film with
DNN = 2.18 Å and d = 1.39 Å and a compressive epitaxial
stress equal to −8.7 GPa. This is about 39% of the maximum
attainable value for hcp Pd films.

LDA (without volume correction) yields the atomic

volume for hcp Pd equal to 14.232 Å
3
/atom (see Fig. 3). If

the volume correction is applied, then the equilibrium atomic

volume becomes 14.777 Å
3
/atom. This is about 0.5% higher

atomic volume than the fcc experimental volume. The c/a

ratio is 1.68. On the basis of the RHEED information on Pd
admetal films that are grown on a Nb(001) substrate [70] one
is led to a conclusion that the Pd film lattice constant is by 1%
smaller than that of the bulk fcc Pd and that the experimental
c/a ratio for hcp(112̄0) films is 1.67 (see Figs. 10 and 11).
This corresponds to the lattice parameters ahcp = 2.721 Å and
chcp = 4.543 Å (Fig. 7). It is a result of a fact that the atomic
density of the Pd admetal is conserved; i.e., it keeps its bulk
(fcc) value [70]. As seen in Fig. 1(c), the two lattice parameters,
ahcp

√
3 ≈ 1.73ahcp and chcp = 1.68ahcp, should somehow fit

the square symmetry of the underlying bcc(001) Nb substrate.
Unfortunately, the experimental hcp structure of Pd grown
on the Nb(001) substrate is out of the ferromagnetic region
depicted in Fig. 11. As a result, we predict that the hcp Pd films
grown on the Nb substrate should not be ferromagnetically
ordered. The question arises if ferromagnetism can be achieved
in those films by some technological route. For its finding
let us further discuss experimental facts and other theoretical
predictions about the hcp structure of Pd.

The hcp structure of Pd is not the ground-state structure. It
can be regarded as a disturbed fcc stacking of (111) atomic
planes with a vast number of stacking faults inserted into
the initial ABC stacking to become an ABAB stacking [75].
Existence of a higher magnetic moment in the hcp phase
of Pd corresponds to a previous theoretical prediction that
fcc Pd increases its overall magnetic moment with increasing
number of stacking faults [25]. We note that the hcp structure
exhibits channels of free space along the [0001] direction.
There is a reduced coordination number along these channels.
A similar prediction of ferromagnetic ordering for hcp and
dhcp Pd films has been made and indirectly confirmed by
experiment in Ref. [9]. Similarly, ferromagnetic ordering has
been theoretically predicted in coaxial Pd nanowires [41].

Experimentally, the Pd clusters and nanoparticles have been
confirmed to be ferromagnetic [24,76–78].

Further, the ferromagnetism of hcp Pd is favored by
fulfilling the Stoner criterion for ferromagnetism [9,25]. The
paramagnetic density of states (DOS) of hcp Pd presented
in Ref. [25] yields the value at the Fermi energy equal to
N (EF) = 2.86 states/atom/eV (the authors report the value of
1.43 states/atom/eV per spin). It is important to point out that
this quite a high value of N (EF) has been calculated for hcp
structure with the ideal ratio of lattice constants chcp/ahcp =√

8/3 ≈ 1.633. A similar value of 2.70 states/atom/eV [9] has
been reported earlier. The value of exchange integral for hcp
Pd [79] is I = 0.71 eV. It is somewhat higher than the exchange
integral for fcc Pd I = 0.626 eV provided in Ref. [80]. [In that
work, the authors report the value of 0.023 Ry = 0.313 eV,
which is meant to be multiplied by the total density of states
for both spins. However, here we keep the usual convention
for Stoner criterion dealing with the product IN (EF), where
N (EF) is the DOS per spin.] Using the above-mentioned data,
the product IN (EF) lies between 0.959 and 1.015.

The point of our interest is the transition between non-
magnetic and ferromagnetic hcp Pd structure as it can be
seen along the uniaxial deformation path in Fig. 11. In order
to discuss more thoroughly this phenomenon, we calculated
the DOS for the equilibrium configuration corresponding
to the experimental value of chcp/ahcp = 1.68 and next two
points (squares) to the left (Fig. 13). They correspond to
uniaxially deformed hcp Pd along the [0001] axis with Poisson
contraction (here rather extension) included at ε = −2.34%
and −4.68% (chcp/ahcp = 1.62 and 1.57, respectively). The
uncompressed hcp Pd has the DOS at Fermi level equal to
N (EF) = 2.50 states/atom/eV (1.25 states/atom/eV per spin).
After uniaxial compression along the [0001] axis the DOS at
Fermi level increases first to 3.00 states/atom/eV for defor-
mation of ε = −2.34% and then even to 3.15 states/atom/eV
for deformation of ε = −4.68% at the plateau corresponding
to the magnetic moment of 0.3 μB in Fig. 11. It is seen that
the product IN (EF) increases from 0.888 through 1.065 to
1.115. The Stoner criterion IN (EF) � 1 thus confirms the
nonmagnetic to ferromagnetic transition during compression
along the uniaxial deformation path as the total energy of
the nonmagnetic state with constrained equal density of both
spin-up and spin-down populations is lowered as soon as this
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FIG. 8. (Top) Total energy E of tetragonally deformed Pd as a
function of the ratio of lattice constants c/a and the relative atomic
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distance d relaxed) and uniaxial (nearest-neighbor distance DNN
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2)
structures.

constraint is removed. As a result, a ferromagnetic ordering
occurs.

Figures 3 and 12 indicate that the ferromagnetic energy gain
in the Pd films ENM − EFM is very small (0–5 meV/atom)
and thus a small perturbation introduced by phonons at
elevated temperature may break the ferromagnetic ordering.
A rough estimate of Curie temperature of hcp Pd is below
58 K according to the relation �E = k�T . This indicates
a possibility to use hcp Pd films as sensors in cryogenic
technology.

Provided that the hcp Pd is not deformed except of increase
in volume, Fig. 12 reveals that the ferromagnetic ordering of
hcp Pd starts to be favored at higher atomic volumes than the
experimental one. The same situation arises for the magnetic
moment that is between 0.0 and 0.4 μB/atom for atomic
volumes greater than the experimental one.
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FIG. 9. (Top) Total energy E of trigonally deformed Pd as a
function of the ratio of lattice constants c/a and the relative atomic
volume V/Vexp. This geometry corresponds to Pd films grown on the
(111) substrates. The meanings of circles and squares are the same
as in Fig. 8. (Bottom) Total-energy profiles along the biaxial (circles)
and uniaxial (squares) deformation paths. Vertical line marks the fcc
structure (c/a = √

6).

It is interesting to compare these values with those
corresponding to the bcc modification of the 3d metal Ni
(isoelectronic to Pd). It is known that bcc Ni prefers ferro-
magnetic ordering to nonmagnetic [22]. At the experimental
atomic volume, the ferromagnetic energy gain of bcc Ni
amounts to 16 meV/atom and its magnetic moment reaches
0.55 μB/atom.

If one considers the hcp Pd structure to be only a different
AB stacking of the corresponding (111) atomic layers that are
present in the fcc structure, one should obtain the ideal hcp
ratio c/a = √

8/3 ≈ 1.633. However, a larger experimentally
measured c/a ratio (1.67) of hcp Pd films indicates that the
distance between layers chcp/2 in (0001) Pd film exceeds the
distance of the (111) layers in bulk fcc Pd. Obviously, a larger
c/a value yields a unit cell in the hcp(112̄0) plane of the hcp
lattice which is closer to a square and hence fits better onto the
square mesh of the (001) surface of the substrate. It has been
already predicted in Ref. [43] that this larger c/a reflects a bulk
property of an hcp Pd phase and it is not caused exclusively
by epitaxial stress in hcp films.
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FIG. 10. (Top) Total energy E of uniaxially deformed hcp Pd
along the [0001] axis as a function of the ratio of lattice constants c/a

and the relative atomic volume V/Vexp. This geometry corresponds
to hcp(112̄0) Pd films grown on bcc(001) substrates. The meaning of
circles and squares is the same as in Fig. 8. (Bottom) Total-energy
profiles along the biaxial (circles) and uniaxial (squares) deformation
paths. Vertical line marks the equilibrium hcp structure (c/a = 1.68).

Therefore, we propose a technology of fabricating ferro-
magnetic Pd films grown on Nb(001) or W(001) substrate [9].
First, the domain structure of the hcp Pd film [43] should
be moderated in such a way that one direction in the bcc
substrate (for example the [110] direction) is selected as the
main direction. All hcp(112̄0) islands with the hexagonal
[0001] axis lying along this direction should be left on the
substrate. The remaining islands should be removed. Next, a
uniaxial compression in the [110] direction of the bcc substrate
should be applied. After compressing the bcc substrate and
the hcp Pd islands together along their [0001] direction by
about 6.3%, one should reach the hcp c/a = 1.564 ratio of
hcp Pd films. Then, the magnetic properties of those films
can be measured by a suitable experimental method. There
is an indirect evidence of the ferromagnetic ordering in such
hcp Pd structures and this is the experimental observation
of ferromagnetic behavior of fcc twinned Pd particles [78].
The twins can induce stacking faults [25,81] in the overall
ABC stacking of the fcc structure in a Pd nanoparticle. The
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FIG. 11. Magnetic moment μ of atoms in hcp(112̄0) Pd films
grown on the bcc(001) substrates as a function of the ratio c/a and
the relative atomic volume V/Vexp. The circles show the biaxial
deformation path and squares represent uniaxial deformation path
along the hcp [0001] direction. A vertical line marks the equilibrium
hcp structure (c/a = 1.68).

spacing between the (111) atomic layers of the fcc structure
is equivalent to the spacing between the hcp(0001) layers that
is achieved for the ideal hcp c/a = 1.633 ratio. According to
Fig. 11, this hcp c/a ratio occurs already in the region of the
onset of ferromagnetism.

Moreover, a careful analysis of the strains present in the
(111) interlayer spacings in fcc twinned Pd nanoparticles [24]
indicates that these strains contribute to the magnetic moment
due to inner ferromagnetism of the Pd particle. The strains
are caused mainly due to the surface stress. It is noteworthy
to point out that Ref. [24] presents the mean value of the
strain ε to be negative. On the other hand, the authors of
Ref. [24] conclude from previous theoretical studies (e.g.,
Refs. [9,76]) that negative strains do not lead to the appearance
of ferromagnetism in Pd. However, our results put this
theoretical assumption under further consideration.

Let us consider some neighborhood of a twin boundary in
the Pd nanoparticle, where the ABC stacking of the fcc(111)
layers is locally perturbed [25,81]. Usually, the stacking of
fcc(111) layers at the twin boundary need not be exactly of
the type of AB (Ref. [81]) corresponding to the hcp structure,
but we can use the hcp model as a first approximation of
a locally perturbed stacking of the fcc(111) layers. In our
model, a decrease of the interlayer distance d111 suggested
by Ref. [24] corresponds to a compression along the [0001]
direction of the local hcp Pd structure. This deformation is
illustrated in Fig. 11 as the path corresponding to a uniaxial
deformation path (open squares). It is seen there that the atomic
volume of the local hcp configuration should decrease a little
bit. Further, the distance of atoms in the (0001) hcp plane
increases with the decreasing c/a hcp ratio. What is most
significant, the reduction of the ideal hcp ratio (1.633) by
about 4.23% leads to c/a = 1.564, a point in the uniaxial
deformation path that lies in the middle of the ferromagnetic
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region depicted in Fig. 11 and characterized by the value
of magnetic moment of 0.3 μB. Moreover, even strains ε =
(d{111}nanoparticle − d{111}bulk)/d{111}bulk lower in magnitude
than −1.34% that have been measured in Ref. [24] cause the
hcp structure to be compressed so that the c/a ratio attains a
value of 1.611. The point on the uniaxial deformation path
exhibiting this c/a ratio also lies on the plateau with the
magnetic moment of 0.3 μB per atom (Fig. 11). We conclude
that it is a very fortuitous coincidence that the ferromagnetism
in the twins present in a fcc Pd nanoparticle is supported by
a strain lower in magnitude than −1.34%. According to the
LDA calculations, such a small value of negative strain in the
interlayer distance d{111} is sufficient to enhance ferromagnetic
behavior of the local hcp structure present in the neighborhood
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FIG. 13. Calculated density of states of non-magnetic hcp Pd at
first three points of the uniaxial deformation path corresponding to
a compression along the [0001] axis (and to a decrease of the ratio
of hexagonal lattice constants c/a; Poisson contraction—here rather
an extension—is included). In the calculation, the equal spin-up and
spin-down populations have been kept. The thick line denotes DOS at
the experimental ratio of hexagonal lattice constants; the dotted line
and the thin line denote DOS for uniaxially deformed hcp structures.

of the twins. In this way, the ferromagnetism induced by small
strains in Pd nanoparticles is explained.

Table IV presents the c/a ratio of bct lattice parameters,
deviation of the atomic volume of the Pd film from the experi-
mental value of fcc Pd and epitaxial stress in Pd films grown on
the Nb(001) [8,13], W(001) [7,11], and V(001) [57] substrates.
All mentioned bct Pd films are found up to the thickness of
two monolayers. The Pd film on V(001) starts to grow in
its natural fcc phase after two monolayers of pseudomorphic
growth. In contrast, the Pd films on the Nb(001) and W(001)
substrates start to grow in the hcp phase after two monolayers
of pseudomorphic growth. This coincides with the fact that bct
Pd film on V(001) substrate exhibits the cbct/abct ratio higher
than 1 and bct Pd films on Nb(001) and W(001) substrates
exhibit the cbct/abct ratio lower than 1.

In the plot of epitaxial stress presented in Fig. 5 we have
found two more structures with zero epitaxial stress apart from
the fcc Pd with DNN = 2.75 Å. The first one is the bcc Pd
with abcc = DNN = 3.098 Å (see Fig. 5). The second one is
the bct structure corresponding to the DNN = 3.251 Å and
d = 1.4056 Å. The ratio of bct lattice parameters in this case
yields c/a = 0.865.

Furthermore, the epitaxial stress σ epi in Fig. 5 is very
low in the range between DNN = 3.05 Å and DNN = 3.30 Å.
Consequently, it can be expected that a lot of bct Pd films can
be grown there on bcc(001) substrates by the pseudomorphic
growth. However, the experiment shows [7,8,11–13] that for
Pd films thicker than two monolayers, hcp Pd grows. So Fig. 5
shows that it can be expected that the epitaxial hcp Pd is
a very stable system, for although bct Pd should have low
epitaxial stress, it does not appear (for films thicker than two
monolayers). To illustrate this, let us compare the epitaxial
stress for the bct(001) Pd and the hcp(112̄0) Pd grown on the
Nb(001) substrate. The bct(001) Pd film yields σ epi = 2.35
GPa (Fig. 5) but the hcp(112̄0) Pd yields even a lower value
of σ epi = −1.60 GPa (Fig. 7).

It is seen from Fig. 18 that the ferromagnetic energy
gain �ENM in bcc Rh is very small. Namely, it amounts
to 1.5 meV/atom at the equilibrium atomic volume and
2.2 meV/atom at the experimental atomic volume. The
corresponding magnetic moments are 0.24 and 0.28 μB/atom,
respectively. A small value of ferromagnetic energy gain
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structure of Rh (left) and zero epitaxial stress (right).

contrasts with the value of �ENM for the fcc modification
of the 3d metal Co that is isoelectronic to Rh. Fcc Co at
the experimental volume favors ferromagnetism [22] and the
ferromagnetic energy gain amounts to 214 meV/atom. This
is two orders of magnitude higher than the case of the bcc
modification of the 4d metal Rh. The corresponding magnetic
moment for fcc Co equals 1.66 μB/atom.

A high disproportion between the �ENM in fcc Co and
bcc Ni on one hand and in bcc Rh and hcp Pd on the
other hand indicates one feature of magnetism in 4d metals.
Namely, if these 4d metals are found to be ferromagnetic in
some higher-energy structure, they should have a very low
Curie temperature compared to the case of 3d ferromagnetic
metals.

The bct Rh films have been grown in a form of
Rh(001)/Fe(001) multilayers [14]. As these experimental
results provide an important check of our predictions, we
study this system in detail. First, it is seen from Fig. 14 that
the zero epitaxial stress corresponds to the in-plane distance
DNN of 3.0473 Å. This means that on a substrate with a DNN

close to this value a bcc structure can be grown. The atomic

volume of the bcc structure is 14.148 Å
3
/atom. This is by

about 2.86% more than is the experimental atomic volume of
fcc Rh (see Figs. 4, 16, and 19). LDA yields equilibrium atomic

volume of bcc Rh as 13.658 Å
3

(see Fig. 4). After applying the

volume correction, this equilibrium atomic volume becomes

14.161 Å
3
/atom.

Our bcc Rh lattice constant calculated within the LDA and
with the volume correction included equals abcc = 3.047 Å
and is by 1.7% lower than the experimental value of abcc =
3.10 Å provided in Ref. [14] and by 2.0% lower than the
theoretical result 3.11 Å calculated using the generalized
gradient approximation for exchange-correlation energy [10].
However, the upper part of Fig. 16 explains why bcc Rh
cannot be stabilized in the form of thin films, because it
represents a saddle point at the tetragonal ratio c/a = 1.0 in
the total-energy profile.

Second, it is seen from Fig. 14 that there is a bct Rh structure
with zero epitaxial stress at DNN = abct = 3.256 Å. The
corresponding interlayer distance is very low, d = 1.331 Å,
and the ratio of bct lattice parameters for this structure is
c/a = 0.818. This bct Rh structure corresponds to the local
minimum in Fig. 16.

Third, the in-plane lattice parameter for the Rh/Fe super-
lattice in a sample of {MgO(100)/Fe40 Å/[Rh 3 Å/Fe 10 Å]20

Al 20 Å} [14] is DNN = 2.91 Å. The authors have given the
value of DNN only for the sample with Rh thickness tRh = 3 Å.
Further, the measured out-of-plane period of such superlattice
is 12.3 Å. Assuming the in-plane distance DNN to be fixed
for both Rh and Fe layers and using the estimates given
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the nearest-neighbor distance DNN in the plane of the film. The dotted lines denote the values of d and DNN for experimentally determined
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FIG. 16. (Top) Total energy E of tetragonally deformed Rh as a
function of the ratio of lattice constants c/a and the relative atomic
volume V/Vexp. This geometry corresponds to Rh films grown on the
(001) substrates. The meanings of circles and squares are the same
as in Fig. 8. (Bottom) Total-energy profiles along the biaxial (circles)
and uniaxial (squares) deformation paths. Vertical lines mark the bcc
(c/a = 1) and fcc (c/a = √

2) structures.

in Fig. 14 and in Refs. [20,82], we conclude that at this
unique DNN, the interlayer distance dRh-Rh of Rh is 1.757 Å
and the interlayer distance of Fe is dFe-Fe = 1.412 Å. The Rh
layers in the superlattice form a bct structure with the ratio of
lattice parameters c/a = 1.208. The value of Rh interplanar
spacing dRh-Rh = 1.757 Å is by about 3.5% lower than the
estimate of dRh-Rh = 1.82 Å provided in Ref. [14]. Let us note
that this estimate has assumed conservation of the atomic
volume (referred to the bcc structure with abcc = 3.10 Å). If
one assumes conservation of the bcc atomic volume in the
case where abcc equals to our calculated value of 3.047 Å,
then the estimate of interlayer distance d is only 1.671 Å. It
further disagrees by 4.9% with the value of dRh-Rh determined
from Fig. 14 and this discrepancy may be explained by an
enhancement of atomic volume in the region between the bcc
and fcc structure on the curve exhibiting biaxial deformation
path illustrated in Fig. 16.

We propose a suitable structural model assuming that there
are three monolayers of Rh in the Rh/Fe superlattice. Their
overall thickness of 3.514 Å is somewhat bigger than the
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FIG. 17. (Top) Total energy E of trigonally deformed Rh as a
function of the ratio of lattice constants c/a and the relative atomic
volume V/Vexp. This geometry corresponds to Rh films grown on the
(111) substrates. The meanings of circles and squares are the same
as in Fig. 8. (Bottom) Total-energy profiles along the biaxial (circles)
and uniaxial (squares) deformation paths. Vertical line marks the fcc
structure (c/a = √

6).

3 Å given in the sample composition. Further, the three Rh
monolayers are followed by five monolayers of Fe. Their
thickness of 5.648 Å sums up with the Rh thickness to 9.162 Å.
The missing length of 3.138 Å up to the lattice period 12.3 Å
is filled by two interfaces between Rh and Fe monolayers. We
thus conclude that the distance between the Rh layers and Fe
layers dRh-Fe is 1.569 Å. This number lies in between the dRh-Rh

and dFe-Fe.

TABLE IV. Calculated ratio of lattice parameters cbct/abct,
relative change of atomic volume �V and the epitaxial stress σ epi

of bct Pd on bcc substrates.

Substrate cbct/abct �V (%) σ epi (GPa)

Nb(001) 0.835 +2.0 2.35
W(001) 0.932 +0.5 −1.32
V(001) 1.076 +1.8 3.09
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However, some questions arise as the measured out-of-
plane lattice parameter is 2.99 ± 0.01 Å and it corresponds
to a double average interlayer distance d of 1.495 Å. Simply
multiplying this number by 8 yields the superlattice period of
only 11.96 Å. This is lower than the measured superlattice
period of 12.3 Å. This discrepancy can be explained if the
model is altered in such a way that one allows for the variance
of the in-plane distance DNN throughout the Fe/Rh supercell.
In such a model, the value of in-plane spacing DNN is only an
average value in the Fe/Rh supercell and it should vary with
the Rh thickness similarly as the average interplanar spacing
d varies with Rh thickness [14]. We point out that all the
experimental findings given in Ref. [14] are valid for Rh films
that are only several monolayers thick. However, as the bulk
calculations were successfully used for determining electronic
structure of thin films and overlayers [20–23], they also present
a good first approximation in this case.
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FIG. 19. Magnetic moment μ of atoms in Rh films grown on the
(001) substrates as a function of the ratio c/a and the relative atomic
volume V/Vexp. The circles show the biaxial deformation path and
squares represent the uniaxial deformation path. Vertical lines mark
the bcc (c/a = 1) and fcc (c/a = √

2) structures.

The average d runs through the range between d = 1.46 Å
for the Rh thickness tRh = 1.50 Å and d = 1.80 Å for tRh =
6.0 Å [14]. The Rh thickness of 1.50 Å corresponds roughly
to two monolayers. The value of d in this case is by about
2.3% lower than the value d = 1.495 Å reported for tRh = 3 Å
corresponding roughly to three Rh monolayers. (The authors
of Ref. [14] do not indicate the error values here). Moreover,
if a critical Rh thickness tcrit is reached at t ≈ 5 Å for this
sample, then a transition occurs from a bct structure to the
fcc structure in the Rh/Fe supercell. These facts indicate that
the region of bct Rh close to a rapid drop of d in Fig. 14
could be reached in the Rh layers present in the Fe/Rh
multilayers.

The appearance of ferromagnetic ordering in bcc Rh shown
in Fig. 19 may be further verified by analyzing the Stoner
criterion of ferromagnetism [80]. The shape of the density
of states in bcc Rh in paramagnetic state may be found
in Ref. [18]. The value of N (EF) calculated there using
the LDA amounts to 3.9 states/atom/eV. Our calculation
yields somewhat lower value of 3.16 states/atom/eV. This
corresponds to 1.58 states/atom/eV per spin. On the other hand,
an older calculation in Ref. [80] reports the value of only 0.905
states/atom/eV per spin and the exchange parameter I = 0.631
eV (again, we double the value of 0.0232 Ry = 0.316 eV
reported by those authors in order to obtain a value of I that can
be multiplied by the DOS per spin). Using the value of N (EF)
provided by our calculations, the product IN (EF) amounts to
0.997. It indicates that, according to the Stoner criterion, bcc
Rh is on the verge of ferromagnetism.

The authors of the experimental study of Rh(001)/Fe(001)
multilayers [14] report two distinct regions of Rh films. The
Rh layers in the composed films were ferromagnetic when
the structure was bct and nonmagnetic when the structure was
fct. This is in a good agreement with Fig. 19. The region of
ferromagnetism there lies in the range between cbct/abct =
0.97 and 1.07. Their equivalents in Fig. 14 correspond to
DNN = 3.054 Å, d = 1.470 Å, σ epi = −9.0 GPa and the other
point to DNN = 3.021 Å, d = 1.625 Å, σ epi = +19.4 GPa.
There is a change of atomic volume between the two points:

from 13.710 to 14.837 Å
3
/atom; i.e., the relative change of

atomic volume with respect to the atomic volume of the bcc Rh
structure changes from −3.1% to +4.9%. (This corresponds
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to a relative change of atomic volume with respect to the
Rh ground-state fcc structure from +0.3% to +7.9%.) This
volume change may be the cause of a very high epitaxial
stress in the bct Rh illustrated in Fig. 14.

The experimentally reported values of magnetic moments
present on Rh atoms in Ref. [14] were between zero and
1.5 μB/atom, indicating that the magnetism of Rh atoms is
primarily due to the proximity of Fe atoms. However, the
authors also conclude that the ferromagnetic state of Rh is
partly stabilized by its bct structure. This is further supported
by the results presented in Fig. 19. There the intersection of
biaxial deformation path (open circles) with the contours of
nonzero magnetic moments is found for values of magnetic
moment between 0.1 and 0.3 μB/atom.

V. CONCLUSIONS

We have studied several crystal structures of Pd and Rh thin
films by means of ab initio calculations. We have employed
the bulk model of the film provided that some constraint
was applied to the structure. This constraint was a fixed in-
plane distance of nearest-neighbor atoms. The perpendicular
interlayer distance d was relaxed so that a particular d was
determined from the minimum of the total energy E with
respect to the d. Dependencies of d on nearest-neighbor
distance DNN in the plane of the film parallel to the substrate
have been obtained and epitaxial stresses were calculated for
a set of the DNN values in the film. Our calculated results
for biaxial (and additionally uniaxial) deformation paths have
been plotted in contour plots of total energy as a function of
ratio of (tetragonal or hexagonal) lattice constants c/a and the
relative atomic volume.

Further, magnetic properties of the bulk Pd and Rh were
investigated and similar contour plots of atomic magnetic
moment as a function of c/a and V/Vexp have been drawn.

Our LDA calculations predict hcp Pd to be on the verge
of ferromagnetic ordering. The hcp c/a ratio of (bulk) hcp Pd

is 1.68. In order to start the ferromagnetic onset in hcp Pd,
for example in hcp(112̄0) Pd films, one needs to decrease the
c/a ratio of hexagonal lattice parameters so that it is close to
1.564. This value is about 6% lower than the experimentally
observed value 1.67. This result allows us to explain the
experimental findings of ferromagnetic ordering induced by
strain in twinned Pd nanoparticles assuming that the local
structure at the twin boundaries can be modeled by a local AB
stacking of fcc(111) atomic planes with a reduced c/a ratio of
a local hcp structure. We also predict the hcp Pd films grown
on the Nb(001) substrate not to be ferromagnetically ordered.

On the other hand, we have found that bcc Rh should be
ferromagnetic. The bcc structure represents a saddle point in
the dependence of the total energy on the tetragonal ratio c/a

and atomic volume. Therefore, it cannot be stabilized in the
form of thin films. However, a slightly biaxially deformed
bcc structure (the ratio of bct lattice parameters c/a ranging
between 0.97 and 1.07) can still retain a nonzero magnetic
moment.
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[7] H. Wormeester, E. Hüger, and E. Bauer, hcp and bcc Cu and Pd
Films, Phys. Rev. Lett. 77, 1540 (1996).
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[15] M. Všianská and M. Šob, The effect of segregated sp-impurities
on grain-boundary and surface structure, magnetism and em-
brittlement in nickel, Prog. Mater. Sci. 56, 817 (2011).

134422-15

http://dx.doi.org/10.1103/PhysRevB.87.054110
http://dx.doi.org/10.1103/PhysRevB.87.054110
http://dx.doi.org/10.1103/PhysRevB.87.054110
http://dx.doi.org/10.1103/PhysRevB.87.054110
http://dx.doi.org/10.1063/1.4879840
http://dx.doi.org/10.1063/1.4879840
http://dx.doi.org/10.1063/1.4879840
http://dx.doi.org/10.1063/1.4879840
http://dx.doi.org/10.1103/PhysRevB.89.161109
http://dx.doi.org/10.1103/PhysRevB.89.161109
http://dx.doi.org/10.1103/PhysRevB.89.161109
http://dx.doi.org/10.1103/PhysRevB.89.161109
http://dx.doi.org/10.1103/PhysRevLett.77.1540
http://dx.doi.org/10.1103/PhysRevLett.77.1540
http://dx.doi.org/10.1103/PhysRevLett.77.1540
http://dx.doi.org/10.1103/PhysRevLett.77.1540
http://dx.doi.org/10.1103/PhysRevLett.81.854
http://dx.doi.org/10.1103/PhysRevLett.81.854
http://dx.doi.org/10.1103/PhysRevLett.81.854
http://dx.doi.org/10.1103/PhysRevLett.81.854
http://dx.doi.org/10.1209/epl/i2003-00482-6
http://dx.doi.org/10.1209/epl/i2003-00482-6
http://dx.doi.org/10.1209/epl/i2003-00482-6
http://dx.doi.org/10.1209/epl/i2003-00482-6
http://dx.doi.org/10.1016/j.ssc.2011.10.015
http://dx.doi.org/10.1016/j.ssc.2011.10.015
http://dx.doi.org/10.1016/j.ssc.2011.10.015
http://dx.doi.org/10.1016/j.ssc.2011.10.015
http://dx.doi.org/10.1103/PhysRevB.54.17108
http://dx.doi.org/10.1103/PhysRevB.54.17108
http://dx.doi.org/10.1103/PhysRevB.54.17108
http://dx.doi.org/10.1103/PhysRevB.54.17108
http://dx.doi.org/10.1016/j.apsusc.2003.09.013
http://dx.doi.org/10.1016/j.apsusc.2003.09.013
http://dx.doi.org/10.1016/j.apsusc.2003.09.013
http://dx.doi.org/10.1016/j.apsusc.2003.09.013
http://dx.doi.org/10.1103/PhysRevB.72.085432
http://dx.doi.org/10.1103/PhysRevB.72.085432
http://dx.doi.org/10.1103/PhysRevB.72.085432
http://dx.doi.org/10.1103/PhysRevB.72.085432
http://dx.doi.org/10.1103/PhysRevB.56.5474
http://dx.doi.org/10.1103/PhysRevB.56.5474
http://dx.doi.org/10.1103/PhysRevB.56.5474
http://dx.doi.org/10.1103/PhysRevB.56.5474
http://dx.doi.org/10.1016/j.pmatsci.2011.01.008
http://dx.doi.org/10.1016/j.pmatsci.2011.01.008
http://dx.doi.org/10.1016/j.pmatsci.2011.01.008
http://dx.doi.org/10.1016/j.pmatsci.2011.01.008
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Alkemper, and W. Eberhardt, Ferromagnetic order in ultrathin
Rh layers on Fe(100), Phys. Rev. B 46, 12888 (1992).
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