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We have studied collinear and noncollinear magnetic structures of a Mn monolayeftiilChy use of the
generalized gradient approximation to the density-functional theory using the full-potential linearized aug-
mented plane-wave method. We found that the inclusion of the gradient correction did not significantly modify
earlier results obtained in the local-density approximation. Irrespective of the choice of the exchange correla-
tion functional, among the magnetic structures investigated, the minimal energy was found for a collinear
row-wise antiferromagnetic structure. Our findings are at clear variance with a recent first-principles study
[Phys. Rev. B51, 12 728(2000], which reported that Mn on Gi11) exhibits a noncollinear ground state with
magnetic moments forming: 120° angles between nearest neighbors, claiming that this is due to the gener-
alized gradient approximation essential in these systems. We discuss this point in detail. From our investigation
of the zero-temperature phase diagram of the Heisenberg model going beyond nearest-neighbor interaction, we
argue that it is not possible to determine the magnetic ground state from an investigation of a limited set of
three different magnetic states, but a full investigation of spiral spin-density waves is required.
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In a recent paper, Sgks and Hafner(SH) (Ref. 1) inves-  The 120° state is only 1.9 meV higher than the RW-AFM
tigated the magnetism of a Mn film of one monolaykt.) state, which is a very small quantit§2) The sequence of the
thickness on C{@.11) performingab initio calculations using energies is not consistent with the densities of std&39
the noncollinear spin-polarized real-space tight-binding lin-published by SH(3) SH have not given evidence that the
ear muffin-tin orbital(RS-TB-LMTO) technique developed neglect of the generalized gradient approximati@GA)
in their group. Exchange and correlation have been describechanges the energy sequence of the magnetic states, in par-
by the local-spin-density functional of Ceperley and Afder ticular as little is known about the role of the GGA on anti-
as parametrized by Perdew and Zunyedding generalized ferromagnets in low dimension&}) As we will show below,
gradient corrections in the form proposed by Perdew anghe calculation of only three magnetic states are by far not
Wang*® Three different magnetic states had been considsyfficient to conclude on the magnetic ground state of anti-
ered. The two magnetiq states with the lowest energy anfgrromagnets on a triangular lattice.
thus most relevant in this context here, &pthe row-wise In our previous worf we investigated collinear and non-
antiferromagneti¢RW-AFM) state with two atoms per unit cq|jinear magnetic structures of Cr and Mn monolayers on a
cell [cf. Fig. Aa)] and (b) a two-dimensional noncollinear ¢111) substrate. The calculations are carried out with the
120° structure with three atoms in @3 x V3)R30° surface  fy||-potential linearized augmented plane-wayeLAPW)
unit cell of coplanar spins forming-120° angles between method in film geomet’y as implemented in the program
nearest neighborief. Fig. 1(b)]. SH concluded thafi) the  r eyr The method has been extended to treat noncollinear
magnetic ground state of Mn/CLLY) is the 120° state, and magnetism with magnetic moments® at atom sitesy ori-

(i) that the Mn/Cg111) is a physical realization of the anti- — . L oon .
. ; ; ented along arbitrarily chosen directiofey,}. The potential,
ferromagnetic planar model (AFP) on a triangular lattice. magnetic fields, and charge and magnetization densities are

Both findings are c!early at variance with our fwst-pnnuplestreated without any shape approximation and the magnetiza-
results (hereafter cited as OURfor an unsupportedfree- : : . . . 2
tion densitym(r) is a vector quantity which we treat similar

standing Mn(111) monolayer(UML ) in the lattice constant to Nordstron and Singl‘?‘.l the full continuous vector magne-
of Cu as well as for a supported monolayer of Mn(CLL) _— . 4 . . " :
tization densitym(r) is used in the interstitial region be-

published in Ref. 8. Our results had been obtained in th?ween the atoms and in the vacuum region. Around each
local-spin-density approximatiott. SDA) of Moruzzi, Janak, atomea a (muffin-tin) sphere is defined in which, in deviation

and Williams? SH stated in Ref. 1 thdiii) the discrepancy . g I .
between OUR results and the results of SH . is clearly to Nordstran and Singh, the magnetization density has only

due to their neglect of gradient corrections ...". It is further ©Ne local magnetization axtém,(r)~m,(r)ey . The inte-
stated thativ) “the use of the gradient corrections is essen-gral of m(r) over the sphere defines a local moménf,
tial ...”. These statements as well as the conclusioghand  =(m,) as average magnetization alogfj. In general(ex-
(if) are very surprising in the light of their investigatiofl)  cept for some high-symmetry magnetic states, e.g., the fer-
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TABLE I. Energy differences relative to the RW-AFM state in
meV/atom for the 120° and the FM state. Compared are the Mn
monolayers as UML calculated the LSDA using the theoretical
LSDA lattice constant of Cy6.65 a.u. and the ML on Cl11)
calculated in the LSDA and the GGA using the theoretical GGA
lattice constant of Ci6.82 a.u).

UML-LSDA ML-LSDA ML-GGA

120°- RW-AFM 68 77 89
FM-RW-AFM 358 261 296

have worked first with unsupportéttee-standingmonolay-
FIG. 1. (8 The RW-AFM structure(b) The noncollinear 120°  €rs(UML) on the hexagonal lattice with the Cu lattice con-
configuration. The ferromagnetic structure can be transformed by §t@nt. Since the hybridization between a transition-metal
continuous rotation into structur@ as indicated in(c) and into  Overlayer and a noble-metal substrate is small, the UML rep-
structure(b) as indicated in(d). resent an excellent model for monolayers on noble-metal
substrates. The main conclusion of this investigation was
that: (i) in contradiction to the AFP model, the 120° configu-

. ration on the triangular lattice is not the lowest energy con-
extrema to the total-energy functioria{n(r),m(r)]. To en figuration. Instead, among all magnetic states investigated,

sure that the local moments have no componfitsnormal characterized by the angte in the 2AT and 3AT unit cell,

to the directionsey;, €}, we work with the constrained the Jowest energy configuration of MiL1) in the Cu lattice
density-functional theofy in which the total energy for a set constant is the RW-AFM state arfil) at present we cannot
of prescribed directionE({e;}) is solved subject to the ori- rule out whether a more complex configuration with a lower
entational constraint of the magnetic moments, trat') energy exists.
X & is zero for all atoms, The calculations of the UML'’s reported in OUR paper
had been carried out for the theoreticdBlDA lattice con-
- ) N -~ stant of Cu,ay=6.65 a.u., and the geometry of the (Ci2)
E({ew})=min E[n(r),m(r)]+§a‘, B (m*)Xey . surface. The calculations were based on the local-spin-
(1)  density approximation of von Barth and Hedmhbut with
parameters as chosen by Moruzzi, Janak, and Williafse
The Lagrange multipliersB are transverse constraining results are collected in Table I. We find that among all mag-
fields in the directiore] that are obtained self-consistently. netic states in the 2AT and 3AT unit cells characterized by
The effective B fieldBg;(r), that enters the muffin-tin part the anglea, the RW-AFM state is the lowest in energy. We
of the Hamiltonian is arr-dependent vector B field and is find that the 120° state is 68 meV higher and the FM state is
given by the B field due to the exchange and correlation358 meV higher in energy than the RW-AFM state. We care-

romagnetic staje the magnetization directionéf“\,I are not

B, (r), in the direction oféﬁ,, and the constraining field fully investigated the reliability of the total-energy differ-
ences with respect to the number kgfpoints used in the
B (1) =B2(r) &+ BYer =B (r) &(r). (2)  two-dimensional Brillouin zon€2DBZ). A kj-point set that

_ _ _ _ _ _ corresponds to 50K;-points in the full 2DBZ has been used

More details on the implementation will be published in afor the unit cell containing two atoms, while the-point set
forthcoming papet? We think that this is currently one of oy the (3 /3)R30° unit cell corresponds to 364-points
the most accuratab initio methods for the treatment of non- i, the full 2DBZ. Bothk-point sets correspond to about 1000
coIIme:?\r magnetism of itinerant magnets in onv d'mens'onsk”-points in the 2DBZ of thep(1x 1) unit cell. It has been
In particular, this approach allows the investigation of thechecked very carefully that the total-energy differences cal-
functional behavior oE({ey}) and thus a direct test of the culated in the two different unit cells are comparalkiie
underlying model Hamiltonians. particular with respect to thie-point convergende by com-

Constraining the magnetic moments along orientationgaring the energy difference between the nonmagnetic and
described by an angle in the two-atom(2AT) [see Fig. ferromagnetic configurations in both unit cells.
1(c)] and three-aton(3AT) unit cell [see Fig. 1d)], we cal- SH claimed(iii ) that the difference between the two re-
culated the total energids(a). The anglea was varied in  sults are due to the neglect of the generalized gradient ap-
small steps, which generated a path of quasicontinuouslgroximation (GGA) in OUR calculations. Therefore, we
varying orientations connecting high-symmetry magnetichave recalculated the FM, RW-AFM, and the 120° state ap-
states, i.e., the ferromagnetiEM) with the RW-AFM[Fig.  plying the GGA of Perdew and Waty(PW93). First, the
1(a)] state, or connecting the FM state with the 120° stateheoretical Cu bulk lattice constant was determined to be
[Fig. 1(b)] and with a collineafantiferrimagnetic statéFI) 6.82 a.u., slightly larger than the experimental value of 6.81
at «=180° in the corresponding 2AT and 3AT unit cells. In a.u. Next, we determined the interlayer relaxation of a ferro-
the view of the rather large sets of spin configurations wemagnetic Mn ML on C(l11). The system was modeled by a
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symmetric nine-layer film consisting of a seven-layer J,
Cu(11Y film and 1ML Mn on top of each Cu surface. We
allowed all layers to relax and minimize the forces exerted
on the atoms. We found that the Mn overlayer expands al-
most 5% outwards, and also the inner Cu interlayer distances
are affected by this expansion. The result of this structural
optimization has been used for all three magnetic structures
investigated. Then, we recalculated the total energies and the
magnetic moments for the three magnetic states for 1ML
Mn/Cu(111). The system was modeled by an asymmetric
five-layer film consisting of 4 layers of Cu and 1ML Mn on
only one side of the Cu surface. The calculation has been g5 5 Zero-temperature phase diagram in the, (J,) space

carried out using &-point set that corresponds to 10B¢ jngicating the regions of the four possible magnetic states.
points in the full 2DBZ of gp(1x 1) unit cell. We found that

even with substrate, in the geometric structure optimized byyot consistent with the total-energy results of SH should be a
force calculations within GGA, the LSDA finds that the RW- matter of further investigations.

AFM is the lowest magnetic state among the three magnetic At the end we would like to discuss the possible magnetic
states, 77 meV lower in energy than the 120° state and 26ground state of Mn/G@.11). In order to gain insight into the
meV lower than the FM state. Then, we have repeated thRature of the problem discussing a model is a good starting
calculation USing the GGA. Although GGA Changes the en'point_ One of the Simp|est Spin models is the Amf 6)

ergy differences slightly between the various states, the remodel specified by the following Hamiltonian:
sults do not change qualitativelgee Table )l Concerning

the merit of the GGA to the structure and magnetism df 3
transition metals, we would like to add the following com- H==J <.E,> S5, )
ment on point(iv), that the GGA is essential in these inves-
tigations because the LSDA leads to the incorrect grounavhereJ;<0 describes the antiferromagnetic exchange inter-
state of Mn: The GGA improves greatly the lattice constantgction between classical planar spin-vectors atisaéed |,
and the magnetic energies ofl 3ransition metald’ but to  restricted to nearest-neighbor pafig). On a triangular lat-
gain this merit one has to calculate the exchange and corrdice the ground state is either the 120° or the FM stdte (
lation potential beyond the atomic sphere approximation>0). Thus in the light of our results this model is insuffi-
(ASA), where the charge density is spherically averaged incient. The fact that the RW-AFM state is lower in energy
side a sphere around an atom as it is typically done in théhan the 120° state suggests that long-range interactions play
RS-TB-LMTO method. Compared to results calculated withan important role. This is reasonable since Mn is an itinerant
a full-potential method, the ASA approximation overesti- magnet where electrons responsible for the magnetism hop
mates, for example, the lattice parameters for Fe as discusségross the lattice. In Fig. 2 we show a zero-temperature
in Refs. 17—19 but underestimates the magnetic energies phase diagram calculated in th (J,) space. An extension
Fe by 50 meV. On the other hand, Singh and Ashkéflazi of the AFP model to the Heisenberg model with exchange
found out that the GGA, although improving the bulk Cr interactions between spins at nearest and next-neaigst (
lattice constant, yields far too large magnetic moments thaeighbors gives four possible magnetic ground states: FM,
might spoil the predictive power of GGA calculations on Cr RW-AFM, 120°, and the spiral spin-density wa(@SDW).
and antiferromagnets in general. In our opinion it is not soThe magnetic ground state depends on the sign and magni-
evident that the GGA is so essential for the magnetism ofude of the different’s. We obtain the 120° state under the
antiferromagnets in low dimensions as long as the lattic&ondition thatJ;<0 andJ,>3J;, the RW-AFM state for
constant is chosen properly, particularly if a method is used;<0 and3J,>J,>J,, and the SSDW state far,<J, and
which relies on the ASA approximation. J,<—1%J,. Since our calculations show that the exchange
At present we cannot resolve the difference between thanteractions beyond the nearest neighbors are important, any
two results. One possible source of error might be that theliscussion on the magnetic ground state of a Mn monolayer
RW-AFM and the 120° state are calculated in two differenton Cu111) remains inconclusive prior to the investigation of
unit cells, one containing 8 atoms and one 9 atoms per layethe SSDW, which nobody has done so far for ultrathin films.
How an absolute convergence of the total energy in different As a final point, we would like to mention what could be
unit cells was achieved was not shown. However, SH prededuced from the calculated functional form Bfa(«).
sented the DOS for the three different spin configurationdVithin the AFP model,Esat(@) is given asEgar(a)=
investigated. At the DOS of the 120° state we notice a very-2J,(2 cosa+co0s Zv). This is not in agreement with the
sharp peak right at the Fermi energy. Usually such a sharfunctional form ofE;a1(a) we found in Ref. 8 and cannot
peak at the Fermi energy makes the corresponding magnet&ven be corrected including any long-range interaction of the
state rather unfavorable and is often the origin of an instabilHeisenberg model. Therefore, it is even not clear whether the
ity. On the other hand the DOS of the RW-AFM state exhib-Heisenberg model is appropriate to describe the magnetic
its @ minimum at the Fermi energy, which is typically a signground state of Mn on GQ@11) and that the ground state is
of energetic stability. Why this elementary physical picture isone of the four magnetic states discussed above.
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In summary we found that for IML Mn/Qi11) the RW-  electron method is missing in the literature, but seems highly
AFM state has the lowest energy among all magnetic statesesirable. During the completion of the manuscript we no-
investigated so far, irrespective of the choice of the exchanggced that Hobbs and Hafnétnow using a noncollinear pro-
correlation potential. We think that these results are veryjector augmented wave method within the GGA, found also
reliable as the method is optimally suited to deal with non-that for Mn on C111) the RW-AFM structure is more
collinear magnetism of transition metals in low dimensions.staple than the Na state. Unfortunately, neither LDA nor
In addition our results are consistent to the DOS presentedspyy-state calculations have been reported nor the differ-

by SH. We presented arguments that the present choice @f,ces between the two results have been explained or ana-
investigated magnetic structures are insufficient to concludﬁlzed in detail.

that the RW-AFM is the magnetic ground state prior to the

investigation of spin-spiral states along the high-symmetry This work was supported by the DFG under Grant No.
lines of the 2DBZ. A thorough test of the accuracy of theBL444/1-1 and the TMR Networks Contract No. FMRX-
RS-TB-LMTO method in comparison to a full-potential all- CT98-0178.
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