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Breakdown of the pseudopotential approximation for magnetic systems: Predicting magnetic
guenching at the (001) surface with spin-dependent pseudopotentials
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Both experimentally{R.L. Fink et al, Phys. Rev. B41, 10 175(1990] and using all-electron density-
functional theory(DFT) methods, the Y001) surface exhibits little or no magnetization. Very recently, inde-
pendent pseudopotential DFT calculations demonstrated the breakdown of the pseudopotential approximation,
showing large magnetic moments at the surface of(@0%¥ slab. Here we demonstrate that use of spin-
dependent pseudopotentials systematically corrects the inaccuracies of conventional spin-neutral pseudopoten-
tials, producing results consistent with all-electron ones. We also show how the use of the spin-dependent
pseudopotentials allows one to achieve a high level of accuracy without the numerical difficulties and cost
associated with accurate spin-neutral pseudopotentials.
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The first-principles pseudopotential approximation is a re{BBK) reported that \001) is magnetic within the general-
liable and successful method for the study of the electroniized gradient approximatiofGGA), although it was found to
properties of a wide variety of physical systems, rangingoe nonmagnetic experimentally. With a Vanderbilt-type
from molecules to solids. For the latter, pseudopotentialnorm-conserving pseudopotentfathey obtained a surface
based methods have and will contribute a great deal to funhagnetization of 1.7@, for a bulk-truncated 7-layer film,
damental materials research, both for the study of their prop¥hich decreased to 1.45 after inward relaxation of the
erties and the design of new materials. However, théutermost layer byA;,=6.25%, a value chosen because of
reliability of the pseudopotential approximation for transition its consistency with the reported experimental valuelgj
metals is still very much an open question, and for this rea=6-7+1.5%. Using an all-electron DFT meth¢BLAPW-
son, it has been used sparingly for the study of open-shefPGA); Bihimayer, Asada, and Byef (BAB) found that
transition metal-based materials. Specifically, the result&PON relaxation, the contraction between the surface and the

given by the method often differ from the all-electron ones,SUbsurf"’ICe layers was10-11%, with no surface magneti-

; - ; , tion predicted. In light of those results, Batyrev, Cho, and
and more disturbingly, pseudopotential calculations someZat . ; . ;
. . . . Kleinmarf (BCK) reinvestigated the question by comparing
times disagree with each other. While the former demons, ="\ =~ "ol AP\ results with another pseudopoten-

strates that transition elements present a challenging case fol "y pije their all-electron DFT calculations produced es-
the pseudopotential approximation, the latter clearly show

. ) entially the same results as those of BAB, the pseudopoten-
the lack of a systematic and reliable way to generate SUCRy| DFT predicted a large magnetization of the surface layer
potentials for those elements. _ for a 9-layer (001) film (1.77u,,). After relaxation, the sur-

In. tho_se cases, the breakdown of the pseudopotential agsce layer moved inward bg,,=12.5%, and its magnetiza-
proximation is physically rather well understood: the pres-jon decreased to 0.75. Independently, using a pseudopo-
ence of nearly degenerate low-lying states, the overlap beential linear combination of atomic orbitals DFT method,
tween valence and core electrof@d thus their densities Robles, Izquierdo, Vega, and BalBd&IVB) obtained simi-
and their open-shell nature present many potential pitfalls forar GGA results to the pseudopotential ones of BCK. How-
the approximation itself. Moreover, the construction, and of-ever, RIVB found that by explicitly treating the semicqre
ten parametrization, of so-calledb initio pseudopotentials is states as valence electrons, the surface magnetization of a
somewhat cumbersome due to the number of parameters i&b-layer film vanished, though a large value remained for the
fiddle with: cutoff radii for each angular momentum channel,7-layer casé.
use of a nonlinear core correctigNLCC), use of the semi- In an attempt to understand the reasons why the pseudo-
core states as valence states, etc. For all these reasons, dibtential approximation consistently disagreed with all-
ferent pseudopotentials may very well give quite differentelectron results, Kresse, Bergermayer, and Podlducky
results, calling into question not only the transferability of (KBP) generated several pseudopotentials, norm conserving
the pseudopotential, but also the appellatminitio. and ultrasoft, all differing by the value of the cutoff radiys

A dramatic illustration of those difficulties is provided in used for the wave functions. For large cutoff radii, both
the case of the surface magnetization ¢d%1). Vanadium is norm-conserving and ultrasoft potentials reproduced the re-
a paramagnetic metal, and a great deal of work has beesults obtained by BCK, but with small radii they were able to
done recently in assessing the presence, or not, of ferromagbtain results consistent with the all-electron ones. However,
netic ordering at the surface of a thif00Y) film, posing at as the authors state, this cannot be a satisfactory answer,
the same time the question of whether the pseudopotentidecause BCK also used a small cutoff radius and still ob-
approximation is able, or not, to correctly predict its elec-tained large magnetizations. They concluded that the results
tronic structure. Using pseudopotential-based densityef a pseudopotential calculation depend sensitively on the
functional theory (DFT), Bryk, Bylander, and Kleinmdn details of the pseudopotential generation, both for the norm-
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conserving and ultrasoft schemes. In their paper, the authors TABLE |I. Magnetic moments(in up) for a 7-layer film of
raise many important and interesting points that we discus¥ (001, as predicted by DFT-GGABE) calculations using differ-
later. ent pseudopotentials: norm-conservifiC), norm-conserving in-
The case of Y001) thus clearly calls into question the cluding semicore statd®dNC+SC), and ultrasof(US). The relaxed
reliability of the pseudopotential approximation for transition Surfaces were simulated by moving inward the surface layer by
elements, in that the approximation yields a wide range of*12= ~6.25%.m; is the magnetic moment at the surface layer.
results highly dependent on the choice of pseudization pa-

rameters, often in disagreement with all-electron results. Relaxed — Type —m  m_, M-, Mg
Thus M001) showcases the difficulty of accurately generat-ggka  no NC 171 -0.88 -0.22 -0.19
ing pseudopotentials, and reaffirms the need for a consisteRfjyg b no NC 177 —074 —-020 0.04
ab initio pseudopotential theory for transition elements.qyg2¢ 1o NC+SC 1.16 —-040 -0.14 —0.01
Moreover, fitting a pseudopotential by calibrating against argn_.psp no NC 170 —-0.84 -0.32 -—0.01
bitrary benchmarking tests does not at all ensure good Peljspp no Us 138 —062 -018 —0.02
formances in all other chemical environments; indeed, such_Psp no NC 112 —049 —-023 —0.05
fitting procedures may even make the pseudopotential WOrsge, a es NG 1 ;15 _0'70 _0'33 _0'15
Very recenth~° we have taken a radically different ap- .Y ' ' ' '

proach to address the transferability issue of the pseudopge—lvB c yes NC 148 —059 ~0.26 018
tential approximation for transition elements, using the so\ VB2 Yes ~ NCFrSC 094 —029 ~0.13  0.08
called spin-dependent pseudopotentié@d-PsP. Using a  SN-PSP yes NC 147 -065 —037 0.15
perturbationlike theory, the SD-PsP’s aim to systematicalb}JSPP yes us 074 =034 -0.14 —0.02

correct the commonly used spin-neutral pseudopotentiapD-PSP  ves NC 063 -025 -016 -001

(SN-PsP by explicitly accounting for the different spin *Reference 1. The GGRW9]) was used here
states adopted by the atom. The ionic potential acting on thgheference 5' '
valence electrons is allowed to self-consistently fluctuate be(;ReferenCe 6.
tween the spin-neutral and the fully-polarized configurations '

through a functionalF of the local spin-polarization3,  the v atom: the cutoff radius for the construction of tthe

where g is defined as the usual pseudowave function was setitg=1.1 A, while it was left
) . at the outermost maximum of the AE wave function for ¢he
B(r)= n'(r)—n:(r) ) andp channels. A NLCC was employed for which the partial
n'(r)+nk(r) ' core density was set to match the exact one after a radius of

. . . _rN€€=1.0 A. The exchange-correlation potential used is the
wheren(r) is the electron density. The total ionic potential GGA-PBE We also performed calculations using an ultra-

for solving tr('je one&electron Kohn-Sham equations then begqg pseudopotential provided with the code. It includes a
comes spin dependent NLCC, and a very short cutoff radius for the wave functions

(N =0%r)+F 5 , of about 0._7 A. The slabs were constructed.using the experi-
vn)=vi(n)+FAr o) @ mental lattice constari8.03 A; our SN-PsP yields a value of
o (1) =v0(r)+F[ = B(r)]8v(r) 3.05 A) for the nonmagnetic bulk bce V. We usedkgoint

density of 0.04 A for the sampling of the first Brillouin

wherev? is the reference spin-neutral potential, andis the  zone. We used a very fine Fourier grid, including plane
difference between the pseudopotential affecting the majoritwaves with kinetic energy up to 1000 eV; this converges the
spin of the fully polarized atom and the spin-neutral refer-total energy to 1 meV/atom, beyond what is really required.
encev®. This reference potential is generated using the usuah Fermi surface smearing width of 0.1 eV was also em-
set of parameter§adial cutoffg, keeping theab initio idea  ployed. We have performed single-point energy calculations
in mind, with any subsequent correction provided by the in-(all ions fixed similar to those previously reported, first to
clusion of the spin dependence. The SD-PsP’s have beesst our spin-neutral potential against the ones employed by
shown to improve the transferability of the commonly usedothers and second to determine the transferability improve-
SN-PsP’s for a wide range of transition elements for bothments provided by the use of SD-PsP’s.
their atomic and bulk environment. In light of the troubles  The results for a 7-layer film are reported in Table I. The
experienced by the SN-PsP’s to correctly predict the electable collects the previous results obtained by BBK and
tronic and magnetic structures of001), we decided to con- RIVB for both the bulk truncated surface and the relaxed
front our new method with this more challenging problemsurface withA ;,= —6.25%. We also report our results using
and see if the inclusion of the spin dependence might solveur spin-neutra{SN-PsP, the spin-dependegD-PsP, and
the transferability problem encountered by others. the ultrasoft(USPP pseudopotentials. Our SN-PsP repro-

All our calculations were performed using the plane-waveduces quite well the magnetic moments per layer previously
DFT code CASTEPM?For the generation of both our spin- obtained by BBK and RIVB, even though those calculations
neutral and fully-polarized pseudopotentials, the same pawere performed using different pseudopotentials, and even a
rameters were employed, following the scheme described igifferent basis type in the case of RIVB. The magnetization
Ref. 10: we constructed norm-conserving Troullier-Martins at the surface for both bulk-truncated or relaxed structures
pseudopotentials for thed34s' electronic configuration of are dramatically overestimated. When the SD-PsP is em-
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TABLE Il. Magnetic momentgin w,) for a 9-layer film of M001), as predicted by DFT-GG#®BE)
calculations using different pseudopotentials. The relaxed surfaces were obtained with interplanar relaxations
of Ajp=—12.5%,A,3=0.9%, andA;,=2.5% (as in Ref. 4.

Relaxed Type m; m;_, mi_» mi_s m_4
BCK? no NC 1.77 -0.61 -0.23 —-0.10 -0.13
SN-PsP no NC 1.72 -0.77 -0.22 —0.09 -0.12
USPP no us 0.87 -0.37 -0.18 —-0.07 -0.04
SD-PsP no NC 1.08 —0.44 —-0.17 —0.07 —0.07
BCK? yes NC 0.75 —0.26 -0.27 -1.10 —0.09
SN-PsP yes NC 0.95 —0.43 —-0.32 —0.08 —-0.11
USPP yes us 0.06 —0.03 —0.02 0.00 0.00
SD-PsP yes NC 0.10 —0.06 —0.03 —0.01 —0.01

%Reference 4.

ployed, this surface magnetization is significantly reducedemployed. Not surprisingly, when those two parameters are
Upon structural relaxation, the magnetic moment of the topraried, one obtains very different results, once again reaf-
layer is reduced by more than 50%, dropping fremt.47u,,  firming the difficulty in defining them without bias. As men-
to 0.63u;,. Thus, our SD-PsP seems to favor a stabilizatiortioned by Kresseet al, one should carefully choose those
of the system towards vanishing magnetism. Most interestparameters and test the resulting pseudopotential before its
ingly, our predictions show the same degree of accuracy asidespread use. This method, essentially a fitting of the po-
the calculations of RIVB2, which included semicgretates tential, is again unsatisfactory for ab initio method, and
as valence states, but our calculations are not burdened lsipes not guarantee perfect or even good transferability. Not
the overhead of such an approa@t least in the case of surprisingly, and as we discussed previodSlyhe results
plane-wave basis expansionst also gives slightly better given by a norm-conservingNC) or an ultrasoft (US)
results than the expected high accuracy of the USPP. pseudopotential are very similar for a given set of param-
Another set of calculations was performed for a 9-layereters, clearly showing that ultrasoft potentials do not enhance
film. Table Il reports the results for the pseudopotential usedransferability. Rather, they allow the use of sensibly smaller
by BCK, as well as our SN-PsP and SD-PsP. Once again, tHeasis sets, at the price of a much more complex formalism.
results using our SN-PsP for both the bulk-truncated and Because it is difficult to capture the very sharp and local-
relaxed surfaces are very similar to those reported earlier bized d wave function character of transition elements when a
BCK, essentially showing the same trend as the results foplane-wave basis set is used, one is usually forced to move
the 7-layer film!> When the SD-PsP is employed, the correc-outwards the cutoff ; beyond which the atomic all-electron
tion over the SN-PsP is dramatic, even converging to amnd pseudowave functions match, resulting in a softer
almost nonmagnetic solution for the relaxed surface, consiggseudowave function suitable for plane-wave methods, but
tent with all-electron predictions, and of comparable qualityalso in a penalty in the transferability of the resulting poten-
to the USPP ones. tial. As mentioned by KBP, this procedure results in a poor
Lastly, we have performed geometry optimizations for thedescription of the region in space where core and valence
9-layer slab, allowing interplanar relaxations of the first twoatomic densities are of the same magnitude, and thus in a
layers. Our results, as well as those given by other methodgoor description of the magnetic properties. KBP clearly
are reported in Table Ill. First, the improvement due to theshowed that the smaller thig, the better the accuracy, and
spin-dependence over the SN-PsP is again stark here. For the o
relaxed surface, it gives a nonmagnetic solution in agreement 1~BLE Ill. Surface magnetization of the bulk-truncated)
with all-electron results, while the SN-PsP still predicts g2nd the relaxedy,) slab(in up) for a 9-layer film of (00D, as
fairly high surface magnetization. The SD-PsP also gives gred'cted by, D.F-;GGAP.BEO) calculations using different pseudo-
much better structural description, with aliy,= —13.6% in potentials {¢'s in A, Az %).
good agreement with previously reported all-electron PAW

d NLCC
calculations. We have also reported in Table Il results given Type e To Hoo M A1z Ref.
by other pseudopotential calculatiofisorm conserving as KBP NC 135 095 180 144 -85 [7]
well as ultrasoft, along with some information about the KBP US 135 095 189 148 -85 [7]
parameters used to generate the potential: the cutoff raﬂiius BCK NC 1.10 177 075 —-125 [4]

used for the pseudization of thet wave function and the SN-PsP NC 110 100 1.72 1.02-11.7
cutoff radius of the partial core densityy-“© (unfortunately, SD-PsP NC 110 1.00 1.08 0.06—13.2

we do not know the value of the'"“C used by BCK or for ~KBP NC 1.05 035 1.26 0.12 —13.9 [7]
the generation of the USPPThese two parameters are of KBP Us 105 035 129 0.02-143 [7]
critical importance for two reasons. First, they essentiallyuspp us 0.70 0.87 0.00 —13.9

govern the quality of the pseudopotential. Second, they botkgp US 060 035 047 0.00-14.0 [7]

need to be handled with care when a plane-wave basis set-is
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KBP are forced to conclude that only in the limit of very Fourier grid. We agree with KBP that the inclusion of a
small r.'s one can expect results to somewhat match thdNLCC is important, but is by far not sufficient to insure good
all-electron ones. But as mentioned earlier, and as correctliransferability.
outlined by KBP, this poses serious problems. In the case of Our results for the SD-PsP’s show that they substantially
NC pseudopotentials, too short of a radius often results in @nhance the transferability over the conventional spin-neutral
hard potential unbearable for a plane-wave basis expansiopseudopotential for a given small set of generation param-
Because of the computational advantages of the US pseudeters. They are also moab initio like and rely more on the
potentials, reducing the value of becomes more practical, self-adaptation of the ionic potential due to its local chemical
but then it is rather difficult to accurately describe the result-environment rather than on the parameters used for its defi-
ing augmentation functions. We agree with KBP that thisnition. Our results also show that we are able to achieve
does not constitute a satisfactory answer either, and often orsproximately a comparable level of accuracy as the one
is left with additional fitting of the potential, playing off given by a potential employing very short valuesrgfand
computational expense and transferability. The PAWrN-C while instead using reasonable values of those cutoffs
method?® is indeed one way around those difficulties. (within the same pseudopotential generation scherfer

As for the NLCC, aside from the arbitrariness of its these reasons, we believe that the new method may provide a
definition®°the results show that the value ff-““ is also  reliable and accurate scheme to generate transferable pseudo-
of importance. For example, KBP found it surprising that for potentials for transition elements, without the overhead cost
similar values ofr ., they found rather different results than and complications usually required for comparable accuracy.
those of BCK. Our results with similar, agree with BCK,
however we used al-““=1.00 A, while KBP used a
ritc€=0.35 A. Our guess is that BCK must have used a
NLCC cutoff similar to ours, certainly explaining the dis-  The authors would like to thank the California NanoSys-
crepancy in the results. But again, using the full core densitgems Institute (CNSI) for computational time. The code
in the NLCC is undesirable and reducing the value of theCASTEP is distributed by Accelrys Inc., San Diego, Califor-
cutoff to very small values often results in numerical diffi- nia. This work has been funded in part by the National Sci-
culties in describing the partial core function on the uniformence Fundation and the Army Research Office.
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