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Magnetic anisotropy of disordered Mn-Pt layered surface compounds on B111)
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The magnetic moments and the anisotropy energy of surface compounds formed By, Mp (x
€[0,1]) on a P¢11)) substrate are calculated by means of the fully relativistic spin-polarized screened
Korringa-Kohn-Rostoker method. The binary compositions are modeled within the coherent potential approxi-
mation. Different Mn concentrations at each layer have been considered in order to understand the influence on
the magnetic properties of both the chemical environment of the Mn atoms and the segregation of Pt from the
bulk. Special emphasis is devoted to the study of the layered sequencesPRYMg.
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[. INTRODUCTION simple thermodynamical arguments regarding the surface

tension. On the other hand, this termination seems to reflect

Thin films and multilayers of large perpendicular mag-@a tendency of the Mn atoms to become completely sur-

netic anisotropy are widely applied in the design of high_rpunded by nonmagnetic Pt neighbors. The magnetic proper-

density magnetic and magneto-optical storage deVidés ties of_Mn have been shown to be relevant in the formation
c - ; L gf different surface alloys, such as the (2
combinations of magnetic and nonmagnetic transition metale)MnCu/Cu(100)5 ot onlv does the hiah spin state of

are specially suitable to show this propertyHowever, the ’ y 9n sp

bile d d fth . . h Mn determine the stability of this surface alloy, but it is also
subtle dependence of the magnetic anisotropy on the stru¢qe qriving force for the extremely buckled atomic disposi-

tqral and compositional parameters makes it diff_icult t0 Prétion. In the case of the layered compound, the magnetic char-
dict general model structures that can be used in the devefcter of Mn can also be crucial in the energy balance that
opment of future devices. A further complication arises fromjeads to the final structure.

the stability of low-dimensional systems, as the equilibrium |n order to investigate this aspect, we have perforraied
phase diagram can be completely different to that of thenitio calculations of the electronic structure of different
bulk. Mn-Pt based surface compounds supported or{ HLBtsub-

A layered surface compound made up by alternatedstrate. Our aim is to determine the variation of the magnetic
planes of Pt and of ordered stoichiometric MpEbmposi-  properties, especially the magnetic anisotropy, depending on
tion onto a Ptl11) substrate has been synthetized recéhtly. the distribution of the Mn atoms in the surface layers. These
Its formation involves segregation processes based on amesults can shed light on the origin of the segregation pro-
nealing Mn deposits of several monolayers supported on eesses leading to the stablex(2){ Pt/MnPt]/Pt(111) sur-
Pt(111) substrate. Both the alternated sequence and the gldace. In addition, the structures under study can be consid-
bal stoichiometry are different from any bulk Pt-Mn binary ered as ideal candidates for the development of new
phase. Although the depth that the final>(2)-Pt/MnP§ magneto-optical recording devices. This is not only due to
surface sequence extends into the substrate is not known etheir low dimensionality, but also to the relevant magneto-
actly, a dynamical low-energy electron diffraction analysisoptical properties of some related bulk structures such as the
indicates that it covers at least the first four layers. The terMnPt; compound, which exhibits a high Kerr effect for films
mination in Pt at the topmost plane cannot be explained frongrown along(111).
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Il. COMPUTATIONAL DETAILS (n) 0o 1 2 3

1 v 1 v 1 M 1 M 1
Our calculations are based on the relativistic, spin- * i nPt/(4-n) [Mn Pt 1/Pt(111) ]
polarized screened Korringa-Kohn-RostokefSKKR) ol ¥ .

method for layered systemFor each structure considered, : Mn: —e—yp . —o—y .
the effective potentials and effective exchange fields have, ss - o Pt: —a—  _ —2a—yp |

been obtained self-consistently using@@oints in the irre- 2 \0\.

ducible wedge of the surface Brillouin zofkSBZ). Energy é 86 [ T e ]
integrations were performed along a semicircular contour us-g o F T

ing a 16-point Gaussian sampling on an asymmetric meshg I ]
The maximum orbital quantum number was set to two. Di- & ¢2| i
pole terms were included in the Madelung constants. Onlyg . a .
ferromagnetic configurations of the Mn atoms have been oo a—a A ¢ .
considered in the present paper. I 1

The chemical composition of each layer was modeled 2

within the coherent potential approximati¢é@PA) for disor- 7
dered alloy system%ln this way, only (1xX1) unit cells are - (4-n) [MnPt, 1/ nPt/Pt(111)
considered. It has the advantage of reducing the computa 40 o ]
tional effort, which in turn allows us to deal with a wider [ .// 1
number of structures. In addition, it enables us to model in a® >2[ o ]
realistic way segregation effects that are involved in the for-= _ | ]
mation of the systems under study, and also in that of the& L L
corresponding ordered stoichiometries. g o4 T
The magnetic anisotropy energyIAE) has been deter- %
mined based on the magnetic force theof@rRor a given S °2r ]
structure, the MAE is defined as s a—s s R
00 A—A A A g
MAE:AEb+AEdd AEb:Eb(”)_Eb(l) 02

ABgq=Eqa(l) —Eaa(L), 2 oa o6 o5 1o
whereAE, andAEyq are the band energy and classical mag- Mn concentration (x)
netic dipole-dipole interaction energy contributions, respec-
tively. The symbolsL and|| refer to the magnetic configu- FIG. 1. Mean values of the magnetic moment per atom of the

rations with the magnetization perpendicular to the surfac&urfaces formed by the four topmost layers of global stoichiometry
and parallel to it, respectively. The value &E 4 is calcu- MnPt. Each structure is characterized by the concentration of Mn
lated solving thé magnetostatic Poisson equaft’ro@Eb is in the layers of binary compositiorx), and the numbern) and

obtained by the SKKR method, including 9§4points of the location of the pure Pt layers. The upper panel shows Pt'e'?d.ed
surfaces, while the lower one corresponds to structures containing

ISBZ. This fine mesh is needed to achieve the precision rey ' . .
: ; t the out t plane. The ch [ Ived orbital and
quired to evaluate the MAE. It should be noted that a posi- nathe oLlermos’ pane. |Ne CIermica 'y resoivec oritia’ and spin

b . . . components are shown separately. The same scale has been used for
tive MAE corresponds to a preferential axis of the magneti-;; 4ves.
zation pointing along the surface normal.

Three different kinds of surface structures on &1P1)
substrate have been considered. For all of them, the atomic
distances have been set to the ideal values of the fcc FOms in the surface region is 1/3. Both Pt-terminated sur-
lattice; this is in accordance with the experimental valuedaces and those having Mn at the topmost plane are consid-
obtained for the layered (22){Pt/MnPt]/Pt(111) ered. For a given structure, we maintain a constant compo-
compound‘, and also with the slight lattice mismatch sition in all layers containing Mn; this leads to the following
(~0.8%) between the ordered bulk MgRilloy and a Pt sets ~ of  four-layer  surfaces:  [KIng Pt 7],
crystal? First, we have studied systems of global stoichiom-PY/3 Mg 3Pt 671, 2P/ZMng 5Pt 50l and 3Pt/Mn, the pure
etry MnP4 in up to four overlayers. Second, a Mr;_,) Pt layers being located at the interface either with the
layer, with x ranging from O to 1, buried under 3 Pt planes. vacuum or with the substrate. The constant chemical ratio at
Finally, we included also in our study surface systemsthe surface region allows us to compare directly the total
formed either by a variable number of Pt -5 layers, or  energy of all these structures. Although no convergency with

by an alternating distribution of Pt/MBPt, 75 planes. respect to the number &f points has been investigated, our
results indicate that a topmost layer of pure Pt lowers the
. RESULTS energy of the system. This is particularly true when we com-

pare the two 3Pt/Mn structures; then, the largest reduction of
energy of the whole set is obtained by the termination in Pt.

Our first analysis concerns systems formed by four atomic In Fig. 1, we show the mean values of the magnetic mo-
planes on top of P111), such that the global ratio of Mn/Pt ments with respect to the top four layers,

A. Four-layer surfaces with MnPt; stoichiometry
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TABLE I. Layer by layer evolution of the Mn spin momentis wg) for four-layer surfaces of global
stoichiometry MnP4. Each structure is characterized by the concentration of(¥rat those planes with
nonpure Pt content. The layers are numbered from the topmost (isyee 1) to the bulk(layer 4).

Structure x=1.00 x=0.50 x=0.33 x=0.25 x=0.33 x=0.50 x=0.98
Layer 1 3.93 3.93 3.98 3.99

Layer 2 3.71 3.71 3.74 3.79

Layer 3 3.70 3.67 3.63 3.63

Layer 4 3.71 3.69 3.64 3.56

. 1 - Fig. 3 we show the total MAE of the 3Pt/MRYt; ) surface,
Ms =\e Z Ms™, (D and its decomposition intdE, and AE4y. The AEy(Mn)
clearly goes up tx=67%, beyond which it gradually de-
wherei runs over all those planes containing the elementreases. This reduction for higher Mn concentrations seems
considered,« indicates the componeriMn or PY, ands to be associated to the magnetic character of the Mn first
specifies the type of magnetic momeapin or orbital. N*  neighbors. Note that in the present case of a Mn monolayer
serves to normalize to the actual number of layers includedhuried with 3 Pt layers, this tendency is much less prominent
in the sum; as an exampldl=4—n for «a=Mn. The two than in the previous case of a Mn-rich surface lajgee the
panels of the figure refer to different terminations, the caséower panel of Fig. 2 The inflection at 67% of Mn is not
x=0.25 being common to both. The largest variations beseen in the Pt contribution, which dominates the MAE. As
tween structures correspond to the dominant Mn spin mothe MAE is always positive, our results show that thé1)
ment, which increases uniformly as more Mn atoms arglirection is the preferential orientation of magnetization.
present in the topmost planes. This is due to the enhancement

of the layer-resolved Mn spin moment at the surface, as see(n) o 1 2 3

in Table I. We also observe from this table that, for a given a5fF T ' ' ' ' ' ' ' T
layer, higher values correspond to the systems with lower L | —=— MAE nPt/(4-n) [Mn Pt 1/Pt(111) ]
concentrations of MnX<<0.50). This reflects a tendency of 20| |—o—AE,(Mn) -
the Mn atoms to enlarge their spin moment when reducing L | —2— AE,(PY) ]
the number of magnetic neighbors. 1sL | ——2E, i

The total values of the MAE are depicted in Fig. 2. Their
variation is governed mostly by the band energy part coming
from the Pt atoms. We find the only negative MAE, that is, a
favored in-plane magnetization direction, for a pure Mn layer
covering a Pt substrate; this behavior has been observed prt
viously in different transition metal structur&$!* As this
surface has the highest total energy, it can be concluded the 00 Oﬂ\o\o T
a stable binary Mn-Pt/Pt11) surface system has a preferred I
magnetization direction along th&11) axis. 22 oI : ; .

MAE (meV)

05 B

B. Buried Mn,Pt;_,, layer 15k 1

To isolate the effect of the in-plane environment of the
magnetic atoms, we have studied surfaces containing asingl 1.0} .
Mn,Pt, ) layer capped by 3 Pt planes. In the upper graph L ]
of Fig. 3 we give the dependence anof the chemically 05k _/. ]
resolved magnetic moments at the alloyed layer. As a refer- I ]
ence, we have also depicted the moments of the lower adja = ,,| i
cent Pt plane, the contribution from the upper one being very I o A
similar. Together with the results of the previous section, this
figure proves that the Mn atoms have higher magnetic mo-
ments when surrounded by fewer Mn neighbors, either in the
same plane or in adjacent ones. This is in agreement with ths
observed evolution of the magnetic moments of Mn in dif-
ferent bulk structuregfor example, the moment of a Mn
impurity in a nonmagnetic host is larger than that of an atom F|G. 2. Same as Fig. 1 for the total magnetic anisotropy energy
in a Mn crysta). (MAE). Its decomposition into the chemically resolved band energy

This dependence on the number of magnetic neighbors iQAE,) and the magnetostatic dipole-dipole energyE() is also
also reflected in the anisotropy energy. In the lower graph ohown.

MAE (meV)

-0.5 | -

1 R 1 R 1 N 1 N 1
0.2 0.4 0.6 0.8 1.0

Mn concentration (x)
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FIG. 3. In the upper panel, we show the evolution witbf the 0.00 B |
total (spin+orbital) magnetic moments of the Pt and Mn atoms of a L 0\0\0\0\—0
Mn,Pt, _, layer covered by three Pt planes. For comparison, the Pt -0.02 - . . . . . . . . 1
moment of one of the adjacent Pt layers is also given. The lower 0 1 2 3 4 5 6 7 8 9
graph corresponds to the evolution of the MAE of the whole surface No.of alloyed layers (n)

region, showing als&E, andAE .
FIG. 4. Dependence on the number of repetitigns of the

It is interesting to analyze the dependence of the MAEmean MAE per layer for the sequenceiS3Pt/Mn] (upper graph
with respect to the interaction between Mn atoms along th@ndn[Mng .t -] (lower graph. The decomposition of the MAE
(111 direction. In order to do this, we have studied struc-into AE, andAE,, is also shown. Notice the different scale of both
tures formed by a different number of repetitior of a  graphs.

(3Pt/Mn) slab. For comparison, structural sequences
n[ Mng »4Pt 75], obtained by the repeated stacking of a single 1. Effect of Pt termination

Mny 2P 75 plane on Rtl11), have also been considered. In e pest way to analyze the effect of a Pt termination on

Fig. 4 we show the mean value of the MAE per layer versuspe magnetic properties of layered compounds of alternated
n for both kinds of systems. Clearly, it exhibits a saturationpane composition is to compare two identical PtMgPt 7

with n, which is common to the Mn and Pt band energy sequences, just inverting the relative ordering of the Pt and
contributions. Notice also the strong enhancement of th(R/lnozsPTo.m layers. We will also consider the homogeneous

MAE at the very beginning of the upper graph, correspond-suncace formed by identical MpePt, -5 layers, which would

ing to the 3PYMn slab; this suggests coupling between subsqesnond to the abrupt cut of a chemically disordered

sequent magnetic layers separated by a nonmagnetic SPaGGhPt, bulk crystal parallel to thé111) plane. The detailed
introducing an increased anisotropy a'long the normallto th yer structure of these systems, as modeled in our calcula-
layers. On the other hand, the reducﬂoq of thg MAE in thetions, is described in Table II. Although care should be taken
lower graph of the figure reflects an isotropic lattice of yhen comparing the total energies of the three structures,
Mno 25P% 75 t0 be associated to larger valuesrof due to the different atomic composition of C, it seems that by
placing Mn atoms in the layered dispositions, structures A
and B are more favorable.

In the following we will concentrate on those configura- In all surfaces, the magnetic moments of the Mn atoms
tions of layered compounds of alternated Pt/Mn-Pt composiare ~3.8 ug, the higher values corresponding to the alter-
tion closer to that observed experimentally, namelynated compositional sequences. They are almost constant in
Pt/MnPg, focusing on two main aspects: Pt versus Mn ter-all layers, except for an enhancement of Q.2 at the top-
mination, and the chemical ratio in the alloyed planes. most plane in structures B and C. The polarization of the Pt

C. Layered PYMn »Pt, 75 compounds
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TABLE II. Layer resolved composition of the structures of Sec. T T " T 7 T " T
IIIC 1. A andB refer to the layered Pt/MypsPt 75 surfaces, an€ 42| 4[Pt/MnPt 1/Pt(111) |
to Mng 6Pt 75.
40 F Mn: — uspin —o— l‘lorb .
Structure A B C — Pt: —A— . —— Ha,
=5
Layer 0 Vacuum Vacuum Vacuum z s&r - —o—o — . . iy
Layer 1 Pt MR o8P 75 Mno o8P 75 E 4 T p>
Layer 2 My 251,75 Pt Mny 25P%.75 E 04 ]
Layer 3 Pt MR 2Pt 75 Mng 2Pt 75 "é
Layer 4 Mnp 26P%.75 Pt Mny 28R 75 o 02r . A ]
Layer 5 Pt MR 2P 75 Mng o8Pt 75 = I Q;-doi’g f—a—g
Layer 6 Mrb 2P 75 Pt My 5P 75 oor A i
Layer 7 Pt Mn 25P%.75 Mno 25P%.75 )
Layer 8 M 2% 75 Pt Mro 2% 75 o2 : : : : —
Layer 9 Pt Pt Pt
Layer 10 Pt Pt Pt ‘T T
Layer 11 Pt Pt Pt sk 1
Layer 12 Bulk Bulk Bulk
2 -
S
€ 1
atoms leads to moments of less than QgL In the structures o
A and B they show an oscillatory behavior, being larger at £ | i
the planes of pure Pt compositior-0.09 wg) than in the
Mng 2Pt 75 planes ¢-0.04 ug). b g
The MAE of the three systems is compared in Fig. 5. Its I
positive value indicates that also for the alternated layer 2} .
compositions, thg111) direction is the preferred axis of I L . T T 1

magnetization. However, structures A and B show some new
features. First, the anisotropy is higher, mainly due to an
enhancement of thAE,(Mn). In addition, there exists a
reduction of the absolute value AfE 4. On the other hand,

PHYSICAL REVIEW B 63 064428

0.0

FIG. 6. Evolution withx of the magnetic properties of a layered

0.2

0.4 0.6 0.8 1.0
Mn concentration (x)

if we compare between both structures, we see that a Mn
Pt termination hardly affects the global value of the MAE. A

Pt/MnPY, _,, surface, the topmost layer corresponding to a pure Pt

CHlane. The upper panel shows the mean magnetic moments per

atom, where the chemically resolved orbital and spin components

detailed study of the layer-resolved quantities indicates thae piotted separately. The lower graph corresponds to the magnetic

the only relevant difference can be found oE,(Pt) in the

anisotropy energy and its decomposition i&,, andAE .

two topmost planes: as occurred for the Pt moments,

AE(Pt) exhibits a bilayer periodicity, adopting negative pyre pt layers; this oscillatory behavior only breaks down at
values in the alloyed planes, while becoming positive in thqayer one of B, where a positivaE,(Pt) is found.

12F T T T ]
—s— MAE
10 | —o— AE, (Mn) |
= —a— AE (PY)
08| _°_AE¢g 1
%E: 06F o o -
< 04 & Ax ]
= s J
02 -
0.0 _
o o\o
0.2 L 1

B
Structure

2. Effect of Mn concentration

The influence of the Mn concentration on the magnetic
properties has been studied by analyzing layered systems
PUMNnPY, ) (xe[0,1]) formed following model A of
Table II. Only Pt-ended sequences have been considered, in
order to reassemble the experimental stable surface com-
pound, and due to the negligible effect of the termination on
the global magnetic properties discussed above.

In the upper panel of Fig. 6 we show the dependence on
the Mn content of the component resolved mean magnetic
moments in the surface region, defined in Efj). Their
variation is small, and the more significant changes corre-
spond to the spin contribution to the magnetic moments.

The MAE of these systems is depicted in the lower graph
of Fig. 6. The evolution of the MAE is governed by the band
energy contributionAE,44 becoming increasingly negative

FIG. 5. Comparison between the total MAE of the three struc-as we add more Mn. Th&E, of Mn and Pt follow a similar
tures of Table I, also showing th®E, and AE44 contributions.

strong enhancement up to 67% of Mn, which is reflected in
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the evolution of the MAE. However, for higher concentra- influenced by the magnetic environment of the Mn atoms. In
tions they show completely different behaviors: while theaddition, it seems that a positive MAE is associated with the
AE, of Pt remains about constant, that of Mn abruptly de-layer compositions MiPt; ) with x<1. The only negative
creases, leading even to a change of sign for very high consalues are found for a Mn overlayer on(Pt1) and for lay-
centrations. As a result, the MAE reduces its value, becomered Pt/Mn sequences involving pure Mn planes. On the
ing also negative when we have pure Mn planes in thedther hand, it is known that a Mn overlayer on a fcc substrate
structure. A further remark can be made. Although the globabrders antiferromagnetically,which in turn implies that an
AEy(Pt) does not follow the strong variation &fE,(Mn) in-plane coupling other than used in the present paper might
for high x, noticeable changes occur in the layer-resolvedalso change the size, and even the sign, of the MAE. Pres-
AE,(Pt). For lowx, it oscillates between positive and nega- ently, our computational scheme is in the process of being
tive values in the pure Pt planes and the alloyed ones, respeextended to the case of complex square lattfeghich will
tively. As we increase the amount of Mn, the layer-resolvedenable us to deal also with in-plane antiferromagnetic con-
AE,(Pt) becomes always positive, and $o£0.67 it is even  figurations.

higher in the alloyed layers.
V. CONCLUSIONS

IV. DISCUSSION We have studied the electronic structure and magnetic

Although we have studied disordered surfaces, it is interPTOPerties of chemically disordered surfaces formed by
esting to compare them with their ordered counterparts. IN!NxP{a-x planes on top of a Fi1l) substrate. In terms of
principle, different values for the physical magnetic quanti-the reduction of the total energy, favored situations are found
ties can be obtained for ordered systems. However, in thnen the Mn atoms are completely surrounded by Pt. This
process of the formation of the stable surface compound (22dS to Pt-ended surfaces and layered sequences of alternat-
X 2){Pt/MnPt]/Pt(111) the system undergoes disordered"9 Pt/MIWPt(l—x) c%mposn{on.lil'he Mn spin m%merzjts hr?Ve
metastable phases before the ordered stoichiometry &ant Vﬁ ues Zr%””h 3'8’“ﬁ In a systen;s consi gnf—:‘ T Iey
achieved. The transition from the disordered to the ordere§'€ &nnhance _Ot at the topmost planes and for a farger
state develops as a smooth evolution, which can be studidd!MmPer of Pt neighbors. The Pt atoms are slightly polarized,
on the basis of the CPA approach. In fact, the reduction ofVith moments ~0.1-0.2 ng. Especially for the more
total energy obtained here when the alternated compositiongfaPle surfaces, the MAE favors a perpendicular magnetiza-
sequence is adopted corresponds to the expected situatiAn @ong(11D. However, its value depends strongly on the
associated with a more stable structure. But the existence G€tailed structure and the relative concentration of Pt and

compositional order may modify the actual value of theMn-
MAE, as has been confirmed for different fcc transition
metal films® In the case of the ordered bulk MnRitrystal,
although the isotropy inherent to the AuCyL1,) lattice This work has been partially financed by the Spanish
reduces the MAE? there exists experimental evidence of aDGICYT (Contract No. PB96-0916nd the Comunidad Au-
slightly preferred magnetization axis perpendiculafltbl).®  tonoma de MadridContract No. 07N/0042/98and resulted
On the other hand, the magnetic moments resulting from oufirom a collaboration partially funded by the TMR network
study are in the same range of those obtained at differerContract No. EMRX-CT96-0089S.G. thanks support from
ordered Mn-Pt surface and bulk systetfisi®that is, values the Spanish Ministerio de Educanioy Cultura. Financial
around 3.6 ug for Mn and~0.1-0.2 ug for Pt. In particu-  support was also provided by the Center of Computational
lar, the same evolution of the moments from the inner layerMaterials SciencgContract No. GZ 45.442 the Austrian
to the surface has been determined for the ordered MnPScience FoundatioiContract Nos. P12146, P12352, and
and Pt/MnP§ compounds? T27-TPH, and the Hungarian National Science Foundation
From our results, it is evident that the MAE is strongly (Contract Nos. OTKA T030240 and T029813
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