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Effects of the substrate on quantum well states: A first-principles study for AgFe(100)
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We have studied the properties of quantum well states in support€D@gdilms on the Fe substrate by
first-principles density-functional calculations. The energies of these quantum well states as a function of
thicknessN are examined in terms of the characteristic phase shift of the electronic wave function at the
interface. These energy-dependent phase shifts are determined numerically for both the film-substrate and
film-vacuum interfaces. It is also found that the substrate has a major effect on film stability, enhancing the
stability of theN=5 film and reversing that of the=2 film.
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Quantum confinement of electrons in a metal thin filmlations for realistic systems, a simple WKB expression or a
results in the so-called quantum wéQW) state$ with dis-  convenient ansatz is often employed for these phase shifts in
crete crystal momenta in the direction perpendicular to thehe literature.®
film. These electronic states have been the subject of numer- The purpose of this work is to investigate these aforemen-
ous experimental investigations in recent years because @bned issues through first-principles calculations for a repre-
the critical role they play in determining many interesting sentative system in order to shed light on the nature of the
properties of the film. For example, in growing metal thin Qw states, the effect of the substrate, and consequently the
films or nanostructures on a substrate, the QW states akgze-dependent properties. Ag on(F@0) is chosen because
found to be responsible for producing the unexpected flat-topf the existence of extensive high-quality experimental data.
islands with “magic” heights;™ for generating an unusual |n addition, the small lattice mismatctess than 1%for fcc
growth patterr?, and for the thickness-dependent stability Ag on bce Fe in thé100] direction justifies the use of com-
observed in the experiment. The QW states also give rise tthensurate slabs in the calculation. Previous calculations of
an oscillatory work function as the thickness variesnd  this system employed the tight-binding modeknd the
thus affect the details of the surface adsorption pfOCéSSGSayer-Korringa-Kohn-Rostoker methdfi,with an emphasis
Moreover, the QW states are directly connected to the oscilon the energies of the QW states. In this paper we will focus
lation in the exchange coupling between two magnetic mapn the influence of the substrate on the energies of these
terials across a nonmagnetic spacer layer of variouguantum well states, their interfacial phase shifts, and the
thickness) and to giant magnetoresistanceTherefore, the  stability of the films. In order to make comparisons, similar

characterization and understanding of the formation of thealculations are also performed for freestanding(10§)
QW states is crucial in providing a quantitative descriptionfiims.
of these intriguing phenomena. Since the confinement is pro- The calculations are carried out using the Vieabanitio
vided by both the substrate and the vacuum, the SDECiﬁgimL”ation package(VAsp)lS based on density_functionaj
interface invariably affects the level positions and needs t@heory (DFT) with ultrasoft pseudopotentidfs and plane
be considered explicitly. waves, with the Agl orbitals included as valence states. The
Experimentally the energies of the QW states can be meajeneralized gradient approximatiérwith spin polarization
sured by photoemissiolt, inverse photoemissiott, and  is employed in order to obtain the correct ground-state crys-
scanning tunneling spectroscog®TS.>* The results are ta| structure for Fe. Our calculated lattice constant for Ag is
usually analyzed using a picture of standing waves within &lightly larger than the experimental value by about 1.6%.
potential well, in which an energy-dependent phase shiffrhe substrate is modeled by ten layers of Fe covered by Ag
upon reflection at the interface is included. The quantizatiofiims of various thicknesses in tH&00] direction. To keep
condition (or the phase accumulation mopiglelds'**3 the calculation feasible, the small lattice mismatch is ignored
by using the Ag lattice constant for the slab. For the calcu-
lation of the work function, the Fe substrate has to be cov-
ered by Ag films on both sides so that only Ag films are
exposed to vacuurh.For the present study of the energy
wherek is the perpendicular wave vector for energyn the  levels of QW states, the configuration with the Fe substrate
bulk, N the number of layerd] the interlayer spacing, amid  covered on one side is sufficient because of the strong con-
an integer®, and®, are energy-dependent phase shifts offinement for these QW states. Periodic slabs separated by a
the electronic wave function upon reflection at the twovacuum region equal to 12 Ag layers are used. The Brillouin
boundaries. They are related to the logarithmic derivatives ofone summation is performed with a>2@0Xx 2k-point grid
the wave function at the interface. In a rather concise way thand the plane-wave energy cutoff is 237 eV. Thkeoint
phase shift represents a system-dependent confinement effecinvergence of the total energy is carefully tested and the
by the substrate or vacuum. For a lack of theoretical calcuerror is estimated to be of the order of a few meV per surface

2k(e)Nd+D(g)+Py(e)=n27, 1
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[ ' ' ' ' ] chosen in such a way that it represents the number of nodes
3F o Ag(100) 3 of the QW states inside the film. As we can see from Fig. 1,
. —*~ AdFe(100) there is a noticeable difference between the energies of QW
oF % Experiment | | . . X .
e N oo oee sl states in the freestanding and supported films. The difference
S :_./g/g_e,e—e_e-e—e—e—::::::::g:e_e_e—e-ﬁ—;f ] is larger for thinner films and becomes smaller for thicker
Ol e el films. This can be understood from E@) in which the first
B of B N-Ze® e adiber term dominates for larghl, namely, the boundary condition
e /g/o /g/g /‘6(328/ ,Mr,_ becomes less important. Therefore, the energy difference in
w gt % B 5 /g/a/ﬁ e Fig. 1 between the QW states of freestanding and supported
[ f /{g /g}/g _ o] ~87" ] . . }
AT 5 o8 88 /8/{?/8/53 films becomes smaller for thicker films. On the other hand, at
2F Yl S8 o, 3/8 S ot a given thickness the difference is larger for larger binding
35 o Yo T° °° *o " %o " g energies. This feature will be explained later in the discus-
0 5 10 15 20 ston.

In bulk Ag, the Fermi level cuts through the calculated
band at a position of 0.143d measured from the zone
boundary, in excellent agreement with the value of 07/t
measured by QW photoemission spectros¢dmnd the
value of 0.18%/d by the de Haas-van Alphen
measuremenit Using Eq.(1) it can be shown that a new
branch is expected to cross the Fermi level for every incre-
mental increase in the film thickness of about 1/0.173(5.8)
Payers in Fig. 1. Although the energies of the QW states for
freestanding and supported films are different for a giMen
because the phase shifts are different in @&g. the period-

) L i icity in N for their QW states to drop below the Fermi level
unit cell at most. Relativistic effects are included at the scalagtays the same in Fig. 1. The energies of the QW states in
level and numerical convergence in the energy and force iﬁg/Fe(lOO) as measured by most recent photoemission
Carefu"y checked. Vertical |ayer relaxations are found to b%xperimentﬁs for atomica”y uniform films are also shown in
small: the outmost interlayer separation has a small contragsig. 1. The agreement between theory and experiment is ex-
tion of less than 2% compared with the perfect bulk valuecellent. The calculated energies for unoccupied QW states
and the second interlayer distance expands only sligleys  are also in reasonable agreement with the measured values
than 1%. by inverse photoemissidhand two-photon photoemissith

The QW states in the Ag film result from the confinementnot shown. Moreover, every time a new branch crosses the
by the vacuum on one side and by the hybridization gap ofermi level(for example, neaN=4 and 10, the work func-
the Fe substrate on the other. Because ofstiehybridiza-  tion shows a local minimunicusp at this location’. This is
tion in Fe, the twos-like bands of theA; symmetry in the  due to the fact that the states near the Fermi level has a larger
[100] direction are separated by a finite energy. Within theleak of charge out of the film, giving rise to a stronger dipole
energy range of this gap theband in Ag, also of the\, near the surface.
symmetry, cannot penetrate into the Fe substrate, leading to To examine the extent of confinement, we have plotted in
an effective confinement. The hybridization gap in thefrig. 2 the plane-averaged charge densities of the four QW
minority-spin band structure of the Fe substrate used in thgtates shown in Fig. 1 for th=8 freestanding and sup-
calculation is found to be in the range 2.4 to 1.8 eV with ported films, respective]y_ Atomic p|anes are indicated by
respect to the Fermi level. Thus, the existence of the QWjotted lines and only five out of the ten Fe layers are shown.
states near the Fermi energy and their energy variation aCfO%Cording to F|g 1, two of these four states are above the
the Fermi level as a function of film thickness give rise toFermi level and two are below. For the supported film, the
interesting size-dependent properties. - charge density does decay quickly into the substrate, indicat-

Figure 1 shows the energies of the QW state$' as a ing a clear confinement. A direct correspondence is found
function of film thickness for both the freestanding and sup-between the QW states in the supported films and those in
ported (100 films. They are calculated at the experimentalthe freestanding films. The characteristics of these QW states
lattice constant. The energy zero is set at the Fermi energy @fan be understood in terms of a rapid oscillation described
each film. As expected, the energies of the QW states argy the quantum numbem and an envelope function of a
bounded by the top of the Ag bulk band at the Brillouin zonelonger period:*!
boundary, which is located at 1.61 eV in our calculation. For Using the energy data points in Fig. 1, one can deduce the
the supported films, we identify the minority-spin QW statessum of the interfacial phase shiftd,+®,, for the QW
by examining the plane-averaged charge density along thg&tates using Eq(1) and the bulk band structure. For the
film direction for every eigenstate in the slab calculation. Infreestanding film,®,=®, and one can obtain the Ag-
Fig. 1 the solid lines through the data points are intended teacuum phase shifts directly. They are plotted as open circles
guide the eye, which separate the QW states into branches asFig. 3. Since the energy range of interest is quite far from
labeled in the figure. The quantum numbein Eq. (1) is  the calculated vacuum level of 4.3 eV, this phase shift curve

Thickness N (ML)

FIG. 1. Calculated energies of minority-spin quantum well

states al” as a function of thickness for freestandifapen circles
and supportedfilled circleg Ag(100) films at the experimental lat-
tice constant. Also showfstars are the measured values from pho-
toemission experimentéRef. 18. The energy zero is set at the
Fermi level and the solid lines through the data points are a guide t
the eye. The quantum numbemsare also indicated for the three
topmost branches.
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FIG. 2. Plane-averaged charge densities of four representative FIG- 4. The inverse of the energy spacing of quantum well states
minority-spin QW states ilN==8 freestandingleft) and supported Nnear the Fermi level in freestandirigpen circley and supported
(right) Ag(100) films. Atomic planes are indicated by dotted lines (filled circles Ag films as a function of thickness.
and only five out of the ten Fe layers are shown.

shown by a solid line. Note that the data points within a
is nearly featureless for most of the energy range, except fagiven energy range can come from films of very different
the feature near the top of the band. A simple expressiothickness. Both of the datasets for freestandoyen circles
obtained from the WKB approximation is often used in theand supportedfilled circles films vary smoothly as a func-

literature and has the foh tion of energy with little scattering, indicating that EQ.)
does determine the energies of the QW states quantitatively,
o(e) 3.4 eV provided the interfacial phase shifts are known.
P Ve -1, 2 Taking the difference of the two sets of ddtpen and

filled circles in Fig. 3, we can obtain the phase shifts for the

wheree, is the vacuum level. Equatiof®) is plotted as a Ad-Fe interface, shown by crosses in the figure. It is often
dashed curve in Fig. 3. Compared with the current calculate@ssumed in the literature using a simple step-potential model
values(open circley a shift of about 0.2 is found below that the interfacial phase shift changesycross a gap. In
the Fermi level. For the supported films, only the sdm  contrast, the current result yields a value that is much larger.
+®d, in Eq. (1) can be deduced, and the data are representebis results from the fact that we have attributed all interface
by filled circles in Fig. 3. This curve is in good agreementeffects(including the modification of the potential at a real

with the result deduced from photoemission measurenténts,interface to this single parameter, therefore the value is not
necessarily constrained between 0 andinother interesting

1.5 ] feature is that the difference between the phase shifts of the
E [ o AgVacuum ] Ag-vacuum and Ag-Fe interfaces gets larger as the binding
10F | x AgfFe E energy increases. Therefore, according to #y.for a fixed

e Ag/Vacuum+Ag/Fe

05F |oonn. Ag/Vacuum WKE thickness the energy difference between the QW states asso-

ciated with freestanding and supported films would become

™ E —— Ag/Vacuum+Ag/Fe Expt. : . o . '
= 00F s ;no:e notlce%ble forlstggest};yltg !arggr blmdlng energies. This
< po T o DO ] eature can be easily identified in Fig. 1.
G O8p omm WW%WW% - ] The energies of QW states near the Fermi level can be
§ _1,05_ Xxxxx%xx"% _ measured by STS experiments. One quantity that is often
o : o ] presented in these measurements is the approximate level
15 ‘ > . ' spacingsE near the Fermi level. Taking the derivative of Eq.
20F / ] (1) with respect to energy and evaluating it at the Fermi level
E ] for a givenN, we have
3 2 -1 0 1
Energy (eV) 1 2d 1 , ’
FIG. 3. Interfacial phase shifts of QW states for the Ag-vacuum oE  hug N+47T[®1(8F)+(D2(8F)]' ®

(open circley and Ag-Fe(crosses interfaces. The former are de- ) . . )

duced directly from calculations for freestanding films. The latterWherev is the Fermi velocity obtained from the slope of the
are obtained by subtracting the Ag-vacuum contributions from thePulk band at the Fermi level anti’(e¢) the energy deriva-
calculated sum of the two interface phase shifts for supported filméive of the interface electronic phase shift at the Fermi level.
(filled circles. The WKB expression of Eq(2) is plotted as the Therefore, the measuredsH curve should be a linear func-
dashed line and the result deduced from a fit to the photoemissiotion of N, with a slope connected to- and independent of
data(Ref. 18 is shown by the solid line. the type of interfaces. Figure 4 shows the calculated results
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for the freestanding and supported Ag films using energies in ' DA ' ' '
Fig. 1. Indeed the two curves follow a straight line and have 0.00 N
the same slop, with kinks located at the positions where new ) ° °
branches of QW states cross the Fermi level. Note that the @
: - - - : o > 004f 1
intersection of the linear curve with the horizontal axis is not ) Ag (100)
necessarily aN=0, due to the nonzero energy derivative of =
the interfacial phase shifts at the Fermi level. I 008 1
Even though the confinement takes place only in one of = = = = = =
the three dimensions, the stability of the film could also be 0.04F o l
affected due to the variation in the electronic enéfglor m .
example, we can see from Fig. 1 that tNe=4 supported E 0.00} e \O/o\o/o j
film has a QW state right at the Fermi level, while the last s e Ag/Fe(100)
occupied QW state iN=5 has a very low energy. Thus the § o0l |
N=5 film is expected to have an exceptionally low elec- S
tronic energy, and therefore a high stability. We use the sec- 1000f : : : : : —
ond difference of the total energy as a measure of the relative - f
stability of anN-layer film with respect to the films of £ sl |
+1 andN—1 layers, which is defined as g
% 600 Annealing Expt.
A(N)=E(N+1)+E(N—1)—2E(N), (4) g
whereE(N) is the calculated DFT total energy of the fully E 0 . . . : . .

relaxedN-layer film with the in-plane lattice constant fixed at 0 2 4 6 Y 10 12
the theoretical value. The results of both freestanding and Thickness N (ML)
supported films are plotted in Fig. 5. A peak in the figure

indicates a high relative stability for the film. It is not sur-  FiG._ 5. The second difference of the total energy as a function
prising that theN=5 film is particularly stable as is evident of thickness for freestandingupper panéland supportedmiddie
from the discussion above. Comparing the results of the fregsane) Ag films, in comparison with the experimental annealing
standing and supported films, one major effect of the subtemperaturélower panel at which the film ofN monolayers disin-
strate is to completely reverse the situation ofkhe 2 film, tegrates into regions dfi+1 andN—1 layers(Ref. 6).
changing it from a highly unstable configuration to a highly
ﬁtable dotr)]e.trlln adglt;ont, the peak dm(l'\lt% f[‘t N='5hk|)s en- Iphase shift at the film-substrat&g-Fe) interface is also de-
anced by the substrate compared with ItS NEIgNboNng Valy, .o from the calculation, which is found to behave quite
ues. Also plotted in Fig. 5 are the experimental annealln%. :
; ) ifferently from that of the Ag-vacuum interface. We have
temperatures above which the Ag(Fe0 films of N mono- lculated th d diff fh I
layers start to disintegrate into regions fr1 andN—1 calculated the second difference of the total energy, as a mea-
lavers® One can see that the values fr=2 and 5 are SUre of relative film stability, for both the freestanding and
grticﬁlarl high, consistent with the features in the c:alcu—SUpportmj Ag films. Itis found that the substrate has a major
IF;tedA(N)y an, effect on film stability. The Fe substrate not only enhances
: . . the stability of theN=5 film but also gives rise to a new
In summary, we have studied the properties of 1) stable thickness dl= 2
films, up to more than 20 layers, on the(E@0) substrate by '
first-principles DFT calculations. This provides an unam- We like to thank Professor T.-C. Chiang for helpful dis-
biguous and quantitative description of the features of theussions and for a critical reading of the manuscript. This
QW states and the consequent size-dependent stability of tlveork was supported in part by the National Science Council
film. A simple quantization model is found to be valid over a of Taiwan (Grant No. 91-2112-M-001-057the U. S. De-
wide range of thickness. The phase shift of the electronipartment of EnergyGrant No. DE-FG02-97ER45632the
wave function at the Ag-vacuum interface is determined as &. S. National Science FoundatiofGrant No. SBE-
function of energy, which is numerically different from the 0123532, and the National Energy Research Scientific Com-
result using the WKB approximation. The energy-dependenputing CentefNERSQ.
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