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Magnetism of the V(001) surface: Contradictory results from pseudopotential
and linearized augmented plane-wave calculations
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Recently using a pseudopotential and the generalized gradient approxir@®?# we determined that
V(001 with the experimentally determined surface relaxation has a strongly ferromagnetic surface. More
recently, others also using the GGA found that with full-potential linearized augmented plangRiARW)
calculations, the unrelaxed surface is only weakly magnetic and the relaxed surface is nonmagnetic. We report
here other pseudopotential and FLAPW calculations. The FLAPW results are consistent with the previous ones
except that the surface relaxation is much smaller. A nonmagnetic pseudopotential calculation yi€81S%
surface relaxation, slightly larger than the FLAPW calculation, while the ground state h48.8% surface
relaxation with a surface magnetization of Qufh The unrelaxed surface has a lug/magnetization in good
agreement with our previous calculation. Thus we are forced to conclude that what are usually assumed to be
the most accurate methods of electronic structure calculation are in complete disagreement insofar as the
magnetic nature of the (@01) surface is concerned. We speculate on the source of this disagreement.
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Although local spin-density approximation calculatibns Vanderbilt pseudopotential. Furthermore the ionic pseudopo-
found the (001 surface to be paramagnetic it had been ourtential was obtained by subtracting the total core plus va-
feeling that the generalized gradient approximat{@GA) lence exchange-correlatigXC) potential as well as the va-
might yield a magnetic surface. Therefore using Perdew’dence Coulomb potential from the atomic pseudopotential. It
form? of the GGA, Bryk, Bylander, and Kleinmar(BBK) is well known that excess magnetism can occur because of
performed a first-principles pseudopotential calculation of anonlinearities in the XC potential if the core and valence
seven-layer film and found that for the unrelaxed surface @ontributions are separatéd.
state with 1.70ag per surface atom was 8.2 mRy below the  Thus the question arises, did one of the two groups make
paramagnetic stafe,while surface relaxations of\;,= a computational error or, using the same form of the GGA
—6.25% andA,3=0.0%, within the uncertainty of the ex- potential, does one actually find that the ground state of
perimental value3,resulted in a reduction of the surface V(00J) is either paramagnetic or does it have a large in-plane
magnetization to 1.452;. The subsurface planes had ferromagnetism depending upon whether one performs a
—0.875,—-0.220, and—0.118ug in the unrelaxed case and FLAPW or a pseudopotential calculation? To answer this
—0.698, —0.352, and—0.14%g in the relaxed case, i.e., question we have performed several calculations using dif-
they were oppositely polarized with respect to the surface. ferent computer codes than those used in Refs. 3 and 6. BAB

Bihimayer, Asada, and Baef (BAB) have very recently used the FLAPW code-LEUR whereas here we use the
reported full-potential linearized augmented plane-wavenEN97 code with one modification. Rather than having the
(FLAPW) calculations of \{001) using both the PW3and  Broyden scheme for updating the input spin densities operate
the PBE form$ of the GGA. Since they did not always onp; andp,, we had it operate ops=(p;+p )/2 andp,
specify which form was used in any particular calculation,=(p;—p )/2, resulting in approximately 20% more rapid
we assume their results were not strongly dependent upocmnvergencé? In Table | we compare results for bulk vana-
which one was used. They found that a relaxed seven-layetium and note that the four calculations are in fairly good
film (A= —10.4%) had a surface magnetization of only agreement with one another and with experiment.
0.04ug and an unrelaxed 15-layer film had a surface mag- The first seven FLAPW calculations listed in Table Il
netic moment of 0.18g, but upon relaxation X,,=  were performed on unrelaxed seven-layer films. The first col-
—11.1,A,;=0.7, andA3,=3.1%) it became nonmagnetic. umn lists the number d& points sampled in the irreducible
They found for an “unfortunate” choice of thk-point set wedge of the surface Brillouin zorn&B2) corresponding to
that was not evenly distributed over the Brillouin zone an100, 196, and 256 points in the full SBZ. The second lists the
unrelaxed surface magnetic moment of g5 Since this type of GGA(Refs. 2 and ¥, the third lists the energy of the
almost certainly is the magnetic moment within a muffin-tin
sphere, it may actually correspond to a larger magnetizatio
than that found by BBK. However, we would like to assure . : )
the reader that the-point sample used by BBK was evenly S)I?pl(eri(giat? and present pseudopotential calculations, and with
distributed. BAB also state, “Concerning magnetism, one

TABLE I. GGA vanadium lattice constants and bulk moduli for
BAB (Ref. § and present FLAPW calculations compared with

possible critical issue of the ultrasoft pseudopotential is the Pseudopotential

choice of the treatment of the overlap between core and va- BAB FLAPW BBK calculations  Experiment
lence charge dens_lty to calculate the XC potential, which is; (bohn 565 566  5.65 577 573
not approximated in the FLAPW method.” In Ref. 3 BBK B (GPg 197 201 183 195 162

used the norm conservifignd not the ultrasoftform of the
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TABLE II. Results obtained for various FLAPW calculations of seven-lay@0O¥) films. The first column lists the number kfpoints
sampled in the irreducible wedge of the SBZ. The asterisk indicates that an 8-mRy broadening of the eigenvalues was used; 2 mRy was used
otherwise. The second column lists the type of GGA density functional that was used. The third column lists the all-electrofpenergy
seven-atom unit cellof a nonmagnetic film, and the fourth column lists the energy of the magnetic film below the nonmagnetic. The
remaining columns list the magnetization in bohr magnetons within the inscribed spheres associated with the surface to center planes. Only
the results in the last row, indicated by Bnare for a relaxed film.

k GGA (E+13290) Ry —AE (mRy) mg me—1 mg— 2 me
15* PBE —0.254 68 1.83 0.386 —0.144 —0.086 0.021
15 PBE —0.254 85 0.25 0.242 -0.118 -0.047 —0.052
15 PWO91 -4.17378 0.35 0.163 —0.066 —0.038 -0.028
28 PWO91 ~4.17280 0.45 0.087 —0.026 ~0.017 0.000
28 PWO1 -4.17280 -0.08 0.766 -0.284 -0.110 -0.026
36 PWO1 -4.17286 0.30 0.141 —0.045 -0.028 -0.010
36 PWO91 -4.17286 0.17 0.277 -0.116 —0.057 —0.034
28R PW91 ~4.19532 0.28 0.010 -0.001 ~0.001 0.005

nonmagnetic film, and the fourth lists the magnetic energymagnetic calculations contain the0.17-mRy discrepancy
i.e., the energy of the magnetic filtwith two surfacesrela-  found in the nonmagnetic energy obtained from the magnetic
tive to the nonmagnetic. The last four columns give the mageode. The surface relaxation is in good agreement with the
netization within the inscribed sphere of atoms from the surexperimental valueof A ,= — 6.7+ 1.5% but is far from the
face to the central planes 2 mRy gaussian broadenitigpf —11.1% of BAB (Ref. 6 (—10.4% for a seven-layer film
all the eigenvalues was used except for the first PBE calcuhe —13.6% relaxation of a nonmagnetic GGA projector-
lation where 8 mRy was used. augmented wave calculatidhand the—12.5% and-13.5%
The 2-mRy broadening is more reasonable for the largewe report in Table IV for our magnetic and nonmagnetic
k-point samplings but it also results in making thektpoint ~ pseudopotential calculations. Our FLAPW calculations were
results more consistent with the others. There is not muclperformed using the experimental lattice constant. If the
difference between the PBE and PWO9L1 results withkl5 smaller calculated lattice constant in Table | had been used,
points and 2-mRy broadening; the PBE has the larger magan even smaller inward relaxation would have been obtained.
netization but the smaller magnetic energyAE. The In spite of this, our FLAPW calculations and those of BAB
changes inAE that occur with the changing number kf yield similar magnetic properties for the(801) surface.
points look relatively large but that is becaudd& is so The results of our pseudopotential calculation for an un-
small. Note also that they are occuring in the ninth signifi-relaxed nine-layer film at the calculated lattice consi@mt
cant figure of the total energy. The calculations converged tdable |) are compared in Table Il with those of BBK for a
ten significant figures and only fluctuated in the eleventhseven-layer film with the experimental lattice constant. There
however we are troubled by an inconsistency that occurredre several other differences. BBK used the Kpoint
with the wieEN97 code. We calculated the nonmagnetic film sample while we used 28, although in preliminary calcula-
using the magnetic version of the code. When we zeroed thitons we did not find much difference between the two
magnetization and started iterating from the charge densitgamples. We used a 3.33-mRy full width at half maximum
of the 28k-point magnetic ground state, we obtained a non-energy broadening® BBK used 2.0 mRy. BBK obtained
magnetic state 0.17 mRy below that obtained with the nontheir pseudopotentials from a*#® ion, pulling in the nodes
magnetic code, independent of whether we used a simplef the s andp functions, which allowed them to use smaller
iteration scheme, the Broyden scheme, or our modified Broypseudopotential cutoff radii than ouy=2.37,r ,=2.83, and
den scheme. SinceviEN97 does not calculate the energy ry=2.15bohr. They used project8rsat both the 8 and 4
variationally (until the charge density is correctly con- energies whereas we used an ordinady eudopotential.
verged, there is no reason to prefer the lower energy, andVe use the PBE form of the GGA while BBK used Per-
since the nonmagnetic version seems to be more actbratelew’s. We used a partial core correcfibnwith re
all nonmagnetic energies listed in Table | were obtained=1.0bohr; BBK used the full core. And in spite of our large
from the nonmagnetic version. We found two magnetic enpseudopotential cutoff radii, we required all plane waves up
ergy minima with the 28 and 3k-point samples, where the to 60 Ry to obtain satisfactory convergence; BBK required a
metastable state has the larger magnetization. There may keatoff of only 40 Ry. Nevertheless the results in Table Il are
one with 15k points but we did not search for it. The last remarkably  similar. In  particular both  surface
row of Table Il lists the results for a film whose magnetic magnetization' are nine times larger than that reported by
(nonmagnetig equilibrium® relaxations were found to be BAB for a 15-layer unrelaxed film. A recent tight-binding
A,=—6.2 (—6.2), Ay;=—1.4 (—1.5, and A3;=—1.7% pseudopotential calculatibhthat used the PBE functional
(—2.1%. The magnetization has practically vanished whileand expanded in atomic pseudofunctions found for an unre-
the magnetic energy has only fallen from the 0.45 mRy oflaxed seven-layer filnM =1.77ug, while for a 15-layer
the unrelaxed film to 0.28 mRy. It would be only 0.11 mRy, film M =1.70ug. They also performed all electron linear
which is more reasonable, if we were to assume that almuffin-tin-orbital calculations with Perdew’'s XC potential
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TABLE lll. Comparison of the results of our pseudopotential
calculation for an unrelaxed nine-laye001) film with those of
BBK (Ref. 3 for a seven-layer film. The M’s are planar magneti-
zations,AE is the energy relative to a nonmagnetic film, dhgdis
the surface energy.

0.04 -

M, 1.77ug 1.705uy
M, —0.61ug —0.875up

M, —0.23ug —0.22Qug

M, —0.10ug —0.188ug

M —0.13ug

AE -0.135 eV —-0.112 eV
E. 1.371 eV/& 1.477 eVI3

C S-3 §-2 S-1 S

FIG. 1. Planar average of the two pseudospin densities of the
and found for unrelaxed films a surface magnetization ofelaxed nine-layer Y001)-film ground state.

0.66u for a seven-layer film bu'_[ Z€ero magnetizatiorj fo_r 15 ment can arise because the FLAPW calculation is an all-
Iayers._ Thus the pseqdopo_tenhal surfape magnetization iSiectron method(i.e., it does not use the rigid core
nearly independent of film thlckness., which does not seem t%pproximatiom while the pseudopotential is not. Both meth-
be the case for nonpseudo calculations. ods include the core charge density in evaluating the

Table IV lists the interplanar relaxatidiithe planar mag-  exchange-correlation potential and both assume the core
netization, the energy relative to the relaxed nonmagnetigharge density of each atom is spherical although either
film, and the surface energy for the nine-layer film. The pla-could treat the outer-core electrons on an equal footing with
nar average of the densities of the two different spin directhe valence electrons. Having eliminated the linear depen-
tions is plotted in Fig. 1 for the relaxed film. Because thedence of the logarithmic derivative of a wave function on its
coupling between the surface and subsurface planes is angénergy, both also neglect its remaining energy dependence.
ferromagnetic, the magnetic pressure is very weak and th&he two-projector method used by BBK considerably re-
only difference between the nonmagnetic and magnetic reduces the error caused by this. The only explanation that
laxations is that the nonmagnetlg, is —13.5%. This large seems likely to us is the following. Because the pseudopo-
relaxation causes the surface magnetization to be reduceential is norm conserving, with all else being unchanged, we
from 1.77 to 0.7mg and the magnetic energy from135to  would expect the integratedi3spin densities and pseudospin
—3.47 meV. Twice the—51-meV difference between the densities within a sphere of radiug,;, the 3 pseudopoten-
relaxed and unrelaxed surface energies is the energy redutial cutoff radius, to be equal. However, we would expect the
tion of the film due to relaxation. That reduction 15234  3d pseudospin density to be larger than thee spin density
meV for the nonmagnetic film. in the outer regions of the sphere. Because of the nonlinear-

In conclusion, three entirely different pseudopotentiality of the density-functional exchange potential, the ex-
calculation&'® within the GGA for unrelaxed ¥001) films change interaction between tbelectrons is reduced almost
have found a surface magnetization of aboutuk.7 inde-  to zero where the core charge density is large. Because the
pendent of film thickness and other details of the calculationpseudospin density withingg is larger than the spin density
Our calculation also found a surface relaxation of 12.5%where the core density is becoming small, the exchange in-
consistent with two other calculatiofi$® but not with the  teraction between® pseudofunctions is less “screened” by
experimental 6.7% or the 6.2% we obtained usingifEng7  the core electrons than that betweeth fBinctions, account-
code. This large relaxation caused a reduction in the surfadeg for their greater propensity to be magnetic. This “screen-
magnetization to 0.7bg, but with a relaxation closer to the ing” is completely unphysical but there are errors in the
experimental value the surface magnetization would be muchSDA and GGA correlation functionals that favor magne-
larger> BAB found small magnetizations in unrelaxed tism so one cannot say whether the slight reduction in this
seven- and 15-layer films that became negligible or zerainphysical “screening” of the 8 exchange should yield
upon relaxing the surface. In spite of its much different sur-improved results. In fact, it could vary from case to case. If
face relaxation our FLAPW calculation was consistent withthis explanation is correct, the Vanderbilt ultrasoft
BAB's for the seven-layer film. Thus the FLAPW and pseudopotential,which uses a charge density that it con-
pseudopotential calculations consistently agree among therstructs from the pseudocharge density, should yield results
selves and disagree with each other insofar as surface magloser to the FLAPW results than to those of other pseudo-
netization is concerned. We do not believe that this disagregeotentials.

TABLE IV. Pseudopotential calculation of the interplanar relaxation%), planar magnetizationgn
wug), energy relative to relaxe@ ;,= —13.5%) nonmagnetic film(in meV), and surface energyn eV/&).

Agp Az Ay Ms M2 M3 My M AE Es
—-12.5 0.9 2.5 0.75 —0.26 -0.27 -1.10 -0.09 —-3.47 1.320
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We know of only one experiment to determine the mag-could be larger for a thicker filjnand of opposite sign. Be-
netic nature of the Y001) surface. This experiment favors cause of the near cancellation of the surface and subsurface
the magnetic surface but much more work needs to be don@agnetizations, any new experiments must, like electron-
to verify or refute this. Electron-capture spectrosc8py capture spectroscopy, see only the surface plane. This would
yields an electron-spin polarization ef34% at 300 K that seem to eliminate the Kerr effect and spin-polarized photo-
decreases linearly until it vanishes at a surface Curie tememission; however, angle-resolved spin-polarized photo-
perature of 540 K. Ordinarily negative polarization meansemission should be able to detect the magnetic surface state
that the electron capture has occurred far enough outside tipgedicted in Ref. 3, if it exists.
crystal that minority-spins electrons dominate but in this
case it may imply that the subsurface layers are polarized
oppositely to the surface layer and have a larger total mag- This work was supported by the Welch Foundation
netization. In Table IV we note that the total subsurface mag¢Houston, Texasand the National Science Foundation under

netization is slightly less than that of the surface lagier

Grant No. DMR-0073546.

1. Turek, S. Bligel, and J. Kudronovsky, Phys. Rev58, 11 065
(1998; S. Ohnishi, C. L. Fu, and A. J. Freeman, J. Magn. Magn.
Mater. 50, 161 (1985.

2]. P. Perdew, ifElectronic Structure of Solids 199&dited by P.
Ziesch and H. EschrigAkademie, Berlin, 1991 Vol. 11, p. 11.
3Taras Bryk, D. M. Bylander, and Leonard Kleinman, Phys. Rev.

B 61, R3780(2000.

4All energies quoted are for the film, i.e., for two surfaces.

5D. L. Adams, H. B. Nielsen, and J. N. Andersen, Phys. $dr.
22(1983.

5G. Bihimayer, T. Asada, and S. Rjal, Phys. Rev. B2, 11 937
(2000.

7J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. L&ff.
3865(1996.

8lan Morrison, D. M. Bylander, and Leonard Kleinman, Phys.
Rev. B47, 6728(1993.

%David Vanderbilt, Phys. Rev. B1, 7892 (1990.

103un-Hyung Cho and Matthias Scheffler, Phys. Re3310 685
(1996; J. Zhu, X. W. Wang, and S. G. Louigid. 45, 8887
(1992; D. M. Bylander and Leonard Kleinmaihid. 50, 1363
(1994.

11p. Blaha, K. Schwartz, and J. Luitzyiene7, A Full Potential
Linearized Augmented Plane Wave Package for Calculating
Crystal PropertiegTechn. Univ. Wien, Vienna, 1999

12Because of charge sloshing and the fact fhascreens the Cou-
lomb potential, only small changes in the long-range paof
can be made in each succeeding iteration; whereas, bepguse
antiscreens the exchange potential, large changeg Bre re-
quired to obtain rapid convergence. Of course, a perfect Broy-
den scheme could operate with equal efficiency on ejtheand
p, Of psandp,.

Bgpecifically, we chose v2o=2mRy in the gaussian
(2mo?) Y exd 1/2(AE/ 0)?], which yields a full width at half
maximum of 3.33 mRy.

140Once we started iterating the 28point magnetic code with a

not impossible, we know of no other case where, at fixed mag-
netization and atomic position, two energy minima were found.
In any event, all other nonmagnetic calculations using the mag-
netic code resulted in the energy being 0.17 mRy below that
obtained from the nonmagnetic code. We performed the same
test for a bulk crystal and found that the magnetic code had a
nonmagnetic energy 0.044 mRy below that of the nonmagnetic
code. This discrepancy is actually larger than the 0.17/7 mRy/
atom found for the seven-layer film. To further test theng7

code we inserted the nonmagnetic ground-state charge density
obtained from the magnetic code into the nonmagnetic code.
The first iteration resulted in an energy 0.008169 mRy
above that obtained from the nonmagnétitagneti¢ code. On
further iteration it converged back to the energy previously ob-
tained from the nonmagnetic code. When we entered the charge
density from the nonmagnetic program into the magnetic pro-
gram, the first iteration energy was 0.008 mRy below and the
converged result was 0.004 mRy above the nonmagnetic
ground-state energy previously calculated with the magnetic
code. Furthermore, both codes yielded energies that were stable
to =0.003 mRy when they were converged. These facts lead us
to the conclusion that the 0.17 Ry discrepancy between the two
codes lies in the calculation of the total energy itself and not in
the diagonalization of the Hamiltonian or the calculation of the
charge density. Although the nonvariational nature of the code
cannot by itself be the source of the error, it results in many
more required iterations to obtain convergence and makes error
detection much more difficult.

5The criterion for the atomic planes being at their equilibrium

positions was that the forces on the atoms be less than 2 mRy/
bohr.

16D, spisak and J. Hafner, Phys. Rev6®, 4160(2000.
17s. G. Louie, S. Froyen, and M. L. Cohen, Phys. Re&31738

(1982.

superposition of nonmagnetic atomic charge densities we cont®The planar magnetizations listed in Tables Il and IV qre

verged to an energy 0.23 mRy higher. However we were not

—p, integrated over the region closer to a particular plane than

able to repeat this result, perhaps because we iterated in a dif- to its neighboring planes, whereas those in Ref. 3 were inte-
ferent manner or perhaps we had not converged. We subse- grated over the proximity volume to an atom.

quently found that the energy could appear to be converged®R. Robles, J. Izquierdo, A. Vega, and L. C. Balltanpublishesl
when the charge density was not, although iterating the charge We thank these authors for permission to quote their results
density to convergence in no other case caused a change of more before publication.

than 0.06 mRy in the energy. If the higher minimum is real, i.e.,?°C. Rau, C. Liu, A. Schmalybaur, and G. Xing, Phys. Rev. Lett.

not merely a failure to converge, it is very strange. Although it is

172420-4

57, 2311(1986.



