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Surface Relaxation and Ferromagnetism of Rh(001)
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The significant discrepancy between first-principles calculations and experimental analyses for the
relaxation of the (001) surface of rhodium has been a puzzle for some years. In this Letter we
present density-functional theory calculations using the local-density approximation and the generalized
gradient approximation of the exchange-correlation functional. We investigate the thermal expansion
of the surface and the possibility of surface magnetism. The results throw light on several, hitherto
overlooked, aspects of metal surfaces. We find that when the free energy is considered density-
functional theory provides results in good agreement with experiments. [S0031-9007(97)02410-1]

PACS numbers: 68.35.Bs, 63.20.Ry, 68.35.Ja, 75.30.Pd

The significant discrepancy between first-principlesergy than the nonmagnetic hcp and fcc states [12,13]. To
calculations [1-5] and low-energy electron diffraction get around this LDA problem Morrisagt al. [3] employed
(LEED) analyses [6—8] for the relaxation of the (001) sur-a pseudopotential which is based upon an atom in which all
face of rhodium has been a puzzle for some years. Ththe electrons see a Hartree-Fock exchange potential aris-
earlier LEED studies [6,7] concluded that the interlayering from the core electrons and an LDA potential arising
spacing of the surface layéd,,) is nearly identical to that only from the valence electrons. Then in the surface cal-
in the bulk (dy), i.e., the top-layer relaxation was deter- culations thel)éalence exchange potential was taken pro-
mined to beAd;,/dy = +0.5 = 1.0%. A recent LEED portional ton,;j.nce- AS a consequence, they found that
study [8] foundAd,,/dy = —1.16 £ 1.6%. On the other their Rh(001) surface is ferromagnetic. The magnetic mo-
hand, first-principles calculations showed a large top-layement isM = 1.8 up/surface atom, and the resulting mag-
relaxation ranging from-3.2% to —5.1%, depending on netic pressure reduced the surface relaxatigp /d, from
the calculational scheme and/or the employed numerical-3.22% (in the nonmagnetic equilibrium state) tol .52%
accuracy [1-5]. Inward relaxations are indeed the exin the magnetic ground state. Thus these authors con-
pected behavior of transition metals surfaces (see, e.gcluded that the surface ferromagnetism is the driving force
Ref. [2]), and the practical zero relaxation determined bygiving rise to the small surface relaxation deduced experi-
LEED is at least unexpected. mentally. Subsequently performed theoretical work, how-

In order to reconcile this disagreement between their calever, did not accept their approach and conclusions [4,14];
culations and experiment, Feibelman and Hamann [1] proand also experimental studies provided no convincing sup-
posed that in the experimental study the metal surface mayort [15]. In their spin-polarized photoemission experi-
be contaminated by residual hydrogen adsorption (see alsnent Wu et al. [15] found only a weak indication of
Ref. [9]). Indeed, hydrogen is not easy to detect and quitsurface magnetism with a small magnetic moment of about
soluble in transition metals, such as Ru, Rh, and Pd. Fum/ = 0.2up/surface atom.
thermore, it is known that adsorbed hydrogen significantly In this Letter we present a new theoretical study which
reduces the inward relaxations at metal surface as it inextends the previous work by considering the generalized
creases the bond coordination of the surface atoms, makirgradient approximation (GGA) [16], and by taking zero-
them, to some extent, more bulklike. However, the possipoint effects and the thermal expansion as well as surface
bility of hydrogen contamination was strongly rejected bymagnetism into account. Such a study is desirable since
later experimental papers (e.g. [8,10]). all previous DFT calculations [1-5] were performed with

Morrisonet al. [3] investigated an alternative possibility the LDA which does not describe the magnetic state
[11], namely, that the presence of surface magnetism coulekliably; furthermore, in all previous work zero-point and
increase the first interlayer spacing, i.e., reducing the largthermal vibrations were ignored, while the LEED data
inward relaxation they had obtained in their nonmagnetiavere taken at room temperature [6—8]. We will show
calculation by “magnetic pressure.” In fact, bulk Rh is that the above noted discrepancy between theoretical and
already close to fulfilling the Stoner criterion of ferromag- measured results is mostly due to the unjustified neglect of
netism, and the narrower density #fstates at the surface vibrational contributions to the free energy. It is argued
might stabilize a magnetic state at the surface. Densitythat the vibrational effects will typically play a much
functional theory (DFT) together with the local-density ap-bigger role than hitherto anticipated. Furthermore, we
proximation (LDA) gives a nonmagnetic ground state forfind that surface magnetism has a very small effect on
Rh(001), but this might be due to the LDA. For example,the surface interlayer distance.
for bulk iron, which is studied in greater detail, the LDA  We employ the full-potential (LAPW) method [17,18]
falsely puts the bcc magnetic ground state at a higher ertegether with norm-conserving pseudopotentials [19]. The
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nonlinear core-valence exchange-correlation interaction idifferent calculations and experiments. With respect to
treated using the correct core-electron density as obtaindtle surface relaxation it is immediately evident that the
in the atomic calculation [20]. The method gives an accuLAPW calculations by Feibelman and Hamann [1] give an
rate and at the same time computationally efficient descripexceptionally large value. The present LDA calculations,
tion of the interatomic interaction, total energies, and stabl¢ghose of Cho and Kang [4], and those of Methfessel
or metastable geometries. Our GGA calculations are peset al.[2], who did not relax the second layer, are in
formed consistently by creating the pseudopotential frongood agreement with each other. Also the result of the
first-principles DFT-GGA calculations. The Rh(001) sur- nonmagnetic study of Morrisoat al. [3] (quoted above)
face is modeled by a periodic slab geometry consisting ofgrees well with our value. As previously pointed out by
nine layers of Rh and a vacuum thickness corresponding tvlorrison et al. [3], the too large top-layer relaxation in
five such layers. The geometry is optimized by a dampedéFeibelman and Hamann’s calculations may be attributed
molecular dynamics [18], allowing the top two layers onto the use of the podk-point sampling [29].
both sides of the slab to relax. The remaining atoms are The difference between our DFT-LDA results for the
kept at the bulk lattice sites. The parameters describingurface relaxatiofAd,/dy = —3.0%) and the previous
the LAPW basis set areéK¥! )?> = 14 Ry and/¥ = 8.  LEED analyses [6—8] is decreased significantly compared
For thek summation we use 28 points of the irreducibleto the results of Refs. [1,29] (see Table |); the DFT-GGA
part of the surface Brillouin zone. calculations give a resuliAd;,/dy = —2.8%) which is
Since all previous calculations [1-5] for Rh(001) wereeven closer. We will now show that the physics of
performed with the LDA, we also performed LDA cal- Rh(001) is much more interesting than previous studies
culations, which together with our GGA results allow had anticipated. At first we will address the influence
us to examine the effect of the GGA on the surfaceof lattice vibrations of the Rh(001) surface and show
properties of Rh(001). Using DFT-LDA our bulk lattice that the restriction to th& = 0 K total energyfalsely
constant is 3.81 A, which is in good agreement withneglects some important physical aspects, which clearly
previous calculations [2,5]. The experimental resultsaffect the free energy and as a consequence the surface
which unlike the quoted calculated value contains the inproperties. Then we analyze the possibility of surface
fluence of zero-point vibrations, is 3.79 A [21]. Were magnetism.
the zero point vibrations to be included in the theory, It is well known that the zero-point vibrations give
the calculated lattice constant would increase by aboutise to a recognizable effect on the bulk lattice constant.
0.5% [22]. Moruzzi et al. [22] had systematically included this effect
Using the GGA we find that the bulk lattice constant isin their studies of metals. Typically, however, this effect
expanded with respect to the LDA value by 2.2%, givinghas been ignored. It is plausible that vibrational effects
it a value of 3.89 A. For hcp Ru [23] and fcc Pd [24] a may be even larger at surfaces than in the bulk. In
similar trend was found when comparing LDA and GGA a correct treatment the equilibrium structure at a given
lattice constants (see also Ref. [25]). However, we findemperature is determined by the minimum of the free
that the GGA affects the surface relaxation of Rh(001)energy. At nottoo high temperatures this differs from the
only little (see Table I), although the cohesive energytotal energy of the rigid lattice mainly by the contributions
the surface energy, and the work function are affectedrom atomic vibrations to the internal energy (including
noticeably compared to the LDA values. the zero-point vibrations) and the vibrational entropy. In
Table | summarizes the results for surface relaxationsghe quasiharmonic approximation the free energy for the
work functions, and surface energies as obtained |bg;;urface iSF(T) = Ming,,F(d>,T) with

F(dy,T) = V(dyp) + kgT Z{%j}z) + In(l — exp —ﬁ;;—l(lez)ﬂ ()

TABLE I. Surface relaxations\d;,/dy, and Ady/dy (dy is the bulk interlayer spacing), work functiors (eV), and surface
energiesy (eV/atom) for Rh(001) as obtained by different calculations and experiments.

Ady»/dy Adys/dy [ Y
LDA [1] —5.1% —0.5% 5.49 1.12
LDA [2] ~3.5% 5.25 1.27
LDA [4] ~3.8% 1.29
LDA [5] ~3.8% +0.7% 1.44
This - LDA —3.0% —0.2% 5.26 1.29
this - GGA —2.8% —0.1% 4.92 1.04
Experiments +0.50 £ 1.0% [7] 0= 1.5% [7] 4.65 [21] 1.12 [26]
experiments —1.16 * 1.6% [8] 0 = 1.6% [8] 4.98 [27] 1.27 [28]
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FIG. 1. Total energy per surface atom as a function of theFIG. 2. Phonon energiesw; of the in-plane (solid line) and
top-layer relaxation for Rh(001). The minimum of the fitted out-of-plane (dashed line) modes of Rh(001) as a function of
curve is set to be the energy zero. the top-layer relaxation.

where fiw;(d;) denotes the vibrational frequencies and
the sum goes over all bands atkd points. The first

X . o . pronounced influence on the top-layer relaxation.
term in Eq. (.1) 'S th? f|r§t interlayer potential and the Our DFT-GGA calculation predict that the ground state
zggg n,?, te;rgSilr? ﬂlﬁa\{lbgﬁgﬁ n:l eS:Srﬁ]);fggnﬁ:mézaﬁ \t/i\(l)eﬁ)f Rh(001) is nonmagnetic. This result remains even if we
had beeg usec(]J successfull ir? DFT calculations Ofpthéntentionally increase, to the unrelaxed geometry, thus
anomalous thermal ex ansign of covalent semiconductor%ffering a bigger volume per surface atom which typically
[30]. For Ag, Cu, and Arl)surfaces Eq. (1) has been recentl Nelps to stabilize a magnetic state. Despite this apparently
evalnuated g Nélrasimhan and Sgﬁefﬂer [31]. We not)</:Iear result of a nonmagnetic ground state, we asked how
y N : . . y Sar away in energy the ferromagnetic state actually might
that. the equilibrium distancé,, is shlfted away fror_n the be. For this purpose we performed spin-polarized cal-
minimum Of.V(.d”) towardsa larger interlayer spacing and cullations employing the fixed-spin-moment method [32].
that this Sh.lﬁ is determined by thii(_)peof the ﬁw"(é.ilz) ._Figure 4 shows the total energy versus magnetic moment
but not their actual values. To a first approximation thlsfor a given relaxed surface didy,/dy = —2.4%. We
dependence ab; ond;, depends only weakly on the band . 12/¢0 = 270 TE i
index andk. We therefore replaced the sum in Eq. (1) byflnd that the total energy monotonically increases with in

creasing magnetic moment. This behavior is similar to

three surface-phonon wave packetg. Only the top Iay(_er 12 at of a previous fixed-spin-moment study of Cho and
moved and deeper layers are kept fixed. Figure 1 prowdqiang [4], who used the LDA. The present DFT-GGA re-

our DFT'GGA. result for the pqtentlal energv(dlz)g sult for the energy differenc&E between the nonmagnetic
its curvature gives the frequencies for the perpendicular

o S and ferromagnetic states is, however, reduced significantly
vibrational mode. For the parallel vibrations we use . .
u ” = : compared to the previous LDA one [4], and Fig. 4 shows
two “modes” along[110] and [110], which are actually X i ;
. that AE remains almost constant until the magnetic mo-
degenerate. - The calculated phonon energies of the ment reaches a value 6f5up/surface atom [33] In the
in-plane and out-of-plane vibrations are shown in Fig. 2 KB

Our results for the temperature dependeeg(T)/do, fixed-spin-moment method [32], spin-up and spin-down
considering the three above discussed phonon modes, is
given by the full dots in Fig. 3. Our approximation of 0.0
the phonon contribution is crude but yields the correct
order of magnitude. It is obvious that thermal vibrations
have a noticeable effect. In our approximate approach
they change the surface relaxation from the value given
by the minimum of the total energy;2.8%, to Ady»/dy =
—1.4% at 300 K. This resultis now in excellent agreement
with that of the room-temperature LEED analysis [8]
which determined a value 6f1.16 * 1.6%.

It is interesting to note that the motion of the surface , , , .
layer parallel to the substrate yields the most important ) 100 200 300 400 500
contributions (compare Ref. [31]). If we would neglect T (K)

the contributions of the parallel motion and use only theFlG. 3. Top-layer relaxation of Rh(001) as a function of

perpendicular vibration the resulting top-layer rela‘Xaﬁontemperature. Full dots represents results obtained using Eq. (1)

would be much smaller. This result, displayed by thewith the results of Figs. 1 and 2. Open dots show results
open dots in Fig. 3, reveals that the anharmonicity ofobtained if the parallel vibrations are neglected.

the interlayer potential of Rh(001) does not have a very
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