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Substrate-induced magnetic ordering of rare-earth overlayers
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We have studied the magnetic ordering of terbium overlayers on Cu(100) and Ni(111), using
angle-resolved photoemission. The 5p3/2 to Sp, ~2 shallow-core-level branching ratios in different
photoemission geometries provide a measure of the magnetic ordering in rare-earth-metal over-
layers as a result of final-state effects in photoemission. We find that ferromagnetic substrates order
paramagnetic terbium overlayers. This induced magnetic ordering is not a crystal-field effect and
can be modeled by Ginzburg-Landau theory. Application of Ginzburg-Landau theory to our re-

0suits suggests that the correlation length of paramagnetic terbium sc is between 2.5 and 3.5 A. Re-
versible increases in the extent of magnetic ordering at temperatures below the Tb Curie tempera-
ture are observed for terbium overlayers on both Cu(100) and Ni(111).

INTRODUCTION EXPERIMENT

We have recently introduced a technique for probing
local magnetic ordering using conventional angle-
resolved photoemission' without spin detection of the
photoelectrons. By measuring the 5p core levels in
different photoemission geometries, the magnetic order-
ing of Gd overlayers' and Tb overlayers ' has been
characterized. This technique is sensitive to the presence
of conduction-band ferrimagnetic ordering, but does not
distinguish the type of ferrimagnetic ordering. Nonethe-
less, we can probe the magnetic interactions between
transition metals and rare earths by this technique, as has
been described in preliminary communications. '

There has been considerable interest in the magnetic
interactions between transition metals and rare earths of
both an experimental ' and theoretical nature.
While the majority of this work has been directed toward
Gd overlayers6

—&&, &4, &s, &7 —zo, 22 —zs there is increasing in-
terest in other rare-earth overlayers such as terbi-
um. ' ' ' ' In general, it has been observed that the
rare-earth overlayers couple antiferromagnetically with
ferromagnetic substrates "' ' and exhibit properties
(such as dichroism' or Auger electron polarization' ) at-
tributable to magnetic ordering that are strongly depen-
dent upon substrate temperature and overlayer thickness.

There has been an increasing effort to develop the
Ginzburg-Landau equation to model the magnetization
in overlayers deposited on ferromagnetic substrates.
In this paper we demonstrate that for paramagnetic
rare-earth overlayers, the changes in magnetization with
changes in thickness are accurately described by a
Ginzburg-Landau model. Terbium was chosen for these
studies because of the low terbium Curie temperature
(215 K) which permits investigation of the ferromagnetic
and paramagnetic phases without complications associat-
ed with interdiffusion and alloy formation.

The experiments were performed in an ultrahigh-
vacuum (UHV) system equipped with a hemispherical
analyzer for angle-resolved photoemission and a
retarding-field analyzer for low-energy electron
diff'raction (LEED) described previously. The light
source for the photoemission studies was the 1-GeV ring
at the Synchrotron Radiation Center, dispersed by 3-m
and 6-m toroidal grating monochromators. The energy
resolution (analyzer and monochromator) of the photo-
emission spectra collected by the hemispherical analyzer
varied from 0.15 to 0.3 eV full width at half maximum.

The incidence angle of the light is defined with respect
to the surface normal so that normal incidence (zero de-
grees) has vector potential completely parallel to the sur-
face (s-polarized) while glancing incidence light has a
large component of the vector potential normal to the
surface (p polarized) throughout this work to preserve
symmetry selection rules.

Both the Cu(100) and Ni(111) surfaces were cleaned by
2-keV Ar+ -ion bombardment and carefully annealed.
Temperatures were determined by nickel-alumel thermo-
couples and the crystals could be cooled to 140—170 K.
Deposition of terbium followed procedures successfully
developed for gadolinium as described elsewhere.

The deposited thickness of our films was determined
using an oscillating-crystal thin-film-thickness monitor,
but the absolute thickness of our films was calibrated
based upon changes in the core-level binding-energy shift
and the relative terbium substrate photoemission signals.
We have used substrate copper and terbium 4f binding-
energy shifts to establish and confirm terbium coverages
for coverages up to a monolayer. This procedure is based
upon surface to bulk core-level shift arguments ' and
has been successfully used with gadolinium overlayers. '

There is some evidence for copper interdiffusion with
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terbium overlayers even at room temperature. For this
reason, results obtained in this work were repeated at
substrate temperatures in the region of 200 K. While
interdiffusion of terbium with the nickel substrate cannot
be completely ruled out, emission-angle-dependent stud-
ies suggest an abrupt interface and no evidence for
interdiffusion was observed for substrate temperatures
less than 300 K.

As with gadolinium on Cu(100) (Ref. 3) and terbium on
Fe(100),' the growth mode of terbium on both Cu(100)
and Ni(111) is not epitaxial. We suggest that the growth
mode is a simultaneous multilayer growth. For this
reason, the thicknesses denote monolayer (ML) or
angstrom equivalents and do not represent a uniform
thickness, throughout this work.

RESULTS
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FIG. 1. Photoemission spectra of terbium overlayers on
Cu(100), for light incidence angles of 34 (s polarized) and 70' (p
polarized). All photoelectrons were collected normal to the sur-
face.

There is a wealth of terbium valence features as seen in
Figs. 1 and 2. This is, in part, a result of the 4f multi-
plets. ' The 4f final states can be identified by com-
parison with x-ray photoemission spectra. ' The vari-
ous multiplets have binding energies at 2.2+0.1 eV and
2.8+0.1 eV ( Sz&2 ), 7.6+0.1 eV and 8.0+0.1 eV
( D, P, I ), and 9.5+0.1 eV and 10.4+0.1 eV ( F, H, G )

for thick films.
These terbium 4f level binding energies are observed to

change with overlayer thickness, particularly the S7/p
multiplet which overlaps the substrate Cu 3d or Ni 3d
bands. The binding energies will also change with pho-
ton energy as a result of the changing oscillator
strengths of the different 4f levels. The feature at be-
tween 5.3+0.1 eV to 5.9+0. 1 eV is an intrinsic feature
that has been attributed to a many-electron correlation
satellite described previously and is consistent with a re-
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cent experimental band structure of bulk terbium.
For terbium on Cu(100), the terbium Sd states have

greater intensity with increasing p polarization of the in-
cident light, as seen in Fig. 1. This is readily apparent
when comparing the 5d intensity relative to the Cu 3d
states (3 to 3.8 eV binding energy) and Tb 4f multiplets.
This is true, independent of coverage, except for terbium
films of submonolayer coverage. Since the 4f levels are
less likely to have a well-defined spatial symmetry axis in
one direction, ' from Fermi's golden rule we can infer
that the terbium 5d states are largely of d 2 2 charac-

3Z 1

ter. Similar results have been obtained for gadolinium
overlayers on Cu(100).

Terbium overlayers on Ni(111) exhibit different Sd
symmetries for the states near the Fermi energy. There is
a decreasing photoemission intensity of the combined Ni
3d and Tb Sd states at the Fermi energy (Fig. 2) with in-
creasing p polarization of the incident light for 1 —2-ML
Tb films. This is most easily observed by comparing the
Tb 5d and Ni 3d intensities with the Tb 4f intensities.
We can infer that the symmetry of these states is of large-
ly d, , character, since s-polarized light selectively ex-
cites these states. ' The d-band density of states away
from the Fermi energy behaves in a reverse manner for
thin [I—2 ML of terbium on Ni(111)]. Increasing p po-
larization of the incident light results in increased emis-
sion and these d-band states away from (not at EF) the
Fermi energy are therefore of d 2 2 character. As the

3z

FIG. 2. Photoemission spectra of terbium overlayers on
Ni(111), for light incidence angles of 40 (s polarized) and 70' (p
polarized). All photoelectrons were collected normal to the sur-
face. The terbium 4f multiplets are indicated at bottom.
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thickness of the film increases, this behavior changes.
For thick Tb films it is clear that the states at the Fermi
energy are of d 2 & character. A similar change in level

ordering of the different symmetry bands with crystal
substrate (as observed with terbium on copper as opposed
to nickel) has been previously observed in halogen and
chalcogen overlayers.

The Tb Sp&/2 and Sp3/2 levels, at binding energies of
28.4+0.2 eV and 22.+0.2 eV, respectively, also exhibit
changing intensities with changing light polarization.
Figure 3 shows these changes for terbium overlayers on
Ni(111) and Fig. 4 terbium overlayers on Cu(100), and
temperatures of about 170 K.

The manner in which the terbium Sp core levels de-
pend on light polarization can be measured qualitatively
on a relative scale from the ratio of Sp3/2 to Sp, /2 level
intensities in different light polarization and normal emis-
sion. This ratio, the ratio of the 5p branching ratios (the
5pI&2 intensity divided by the 5@3/2 intensity) for p- and
s-polarized light is denoted as the p-level anisotropy
P~/P, . The p-level anisotropy has been measured and
plotted for a variety of terbium film thickness on Cu(100)
(Fig. 5) and Ni(111) (Fig. 6) well above (300 K) and well
below (170 K) the Curie temperature of terbium [215 K
(Ref. 53)]. Note that for terbium on Cu(100), the p-level
anisotropy measurements taken at room temperature are
independent of coverage. These results shown in Fig. 5
demonstrate that the room-temperature p-level anisotro-
py of 0.82 is not the statistical value of 1.0. Above T„
the p-level anisotropy depends on the overlayer coverage
for terbium on Ni(111) (Fig. 6).

By changing the terbium overlayer temperature, there
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are clearly significant changes in the p-level anisotropy as
seen in Figs. 3 and 4. These changes are reversible for
several cycles of temperature change above and below T, .
For thin terbium overlayers on Ni(111), the p-level an-
isotropy is observed to increase with a decrease in tem-
perature from above T, to below T, . For the thick terbi-
um films on Ni(111), the p-level anisotropy is observed to
decrease from 1.6+0.2 (300 K) to 0.5+0.1 (170 K).

DISCUSSION
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FIGa 4. The changing terbium 5p intensities across the Tb
Curie temperature for a monolayer (nominal film thickness)
thick film of terbium on Cu(100). The photon energy is 60 eV,
and all photoelectrons are collected normal to the surface.
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The p-level anisotropy is normally not expected to de-
viate from unity but as has been discussed in detail else-
where ' some enhancement of the Sp3/2 intensity is ex-
pected in some photoemission geometries as a result of
long-range magnetic ordering. While core p levels should
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FIG. 3. The changing terbium Sp intensities across the Tb
Curie temperature for a one-monolayer (nominal film thickness)
thick film of terbium on Ni(111). The changes are reversible.
The photon energy is 60 eV, and all photoelectrons are collected
normal to the surface. .

FIG. 5. The p-level anisotropy for terbium on Cu(100) at
temperatures well above the terbium Curie temperature. Note
that there is no variation with film thickness. Data are reduced
from spectra as shown in Fig. 3. The line at 0.82 indicates the
average value.
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FICx. 6. The p-level anisotropy for terbium on Ni(111) at
room temperature (+) and at 170 K (0) as a function of film

thickness. The expected p-level anisotropy of unity (
———) in

the absence of ferromagnetic ordering is indicated. Crystal-field
effect variations should fall between the two solid lines. The ar-
rows indicate the reversible increase in the p-level anisotropy
upon long-range ferromagnetic ordering. The double arrow in-

dicates the change occurring with different (d 3 2) symmetry
Z I'

at EI: as discussed in the text.

not exhibit this behavior generally, because of final-state
coupling of the 5p photohole with the 5d state, the outgo-
ing electron can be of d character and can exhibit some of
the symmetry characteristics of the valence Sd levels.
This coupling can occur more strongly with the Sp3/2 lev-

el than the Sp»z because of the well-defined spin orienta-
tion of the initial-state eigenspinors that contribute to the
5p3/3 level (states of m =+—,'). This coupling becomes
anisotropic when there is some local spin ordering of the
unoccupied 5d states near the Fermi energy, ' ' if we
neglect crystal-field effects. If the terbium 5d level does
exhibit some magnetic ordering, enhancement of the
Sp3&2 feature over the Sp»z level in some photoemission
geometries should occur, consistent with our observa-
tions. Similar final-state photoemission effects have been
observed by Fadley and co-workers for 3d transition
metals and have provided some measure of magnetic or-
dering. Related phenomena are also expected in x-ray
absorption spectroscopy.

Reversible changes in the p-level anisotropy, across the
terbium Curie temperature ( T, ) cannot be a result of
band structure or crystal field effects. Crystal-field effects
should exhibit no temperature dependence. The results
presented here indicate that the p-level anisotropy is a re-
sult, at least in part, of magnetic ordering as noted in a
preliminary communication.

Theoretical studies of rare-earth ' surfaces have sug-
gested that the crystal-field potential at the surface may
dominate and, as outlined by Goedkoop, ' could alter the

x-ray dichroism of terbium thin films. Arguments ap-
plied to gadolinium overlayers on Cu(100) (Ref. 1) and
terbium overlayers on Ni(110) (Ref. 12) suggest that the
crystal-field effects would have to be unrealistically large
to account for unusual deviations in the p-level anisotro-
py from unity. While the p-level anisotropy may still, in
part, be a result of crystal-field effects, the results present-
ed here indicate that the p-level anisotropy is largely a re-
sult of magnetic ordering. The p-level anisotropies for
terbium overlayers on Cu(100) deviate little from unity as
seen in Fig. 5. Since the results in Fig. 5 are for terbium
films at temperatures well above T, (300 K) the results
are representative of paramagnetic terbium. The average
p-level anisotropy of 0.82+0.05 differs by only 18% from
unity. This deviation we attribute to crystal-field effects,
or local magnetic ordering. Crystal-field effects are anti-
cipated to be greater for the more open surfaces. ' Our
crystal-field e(feet for Cu(100) is therefore likely to be
larger than that observed for Ni(111).

While there are substantial p-level anisotropies ob-
served above the terbium Curie temperature for thin ter-
bium overlayers on Ni(111), this can be reconciled with
magnetic ordering. At temperatures of 300 K, while
above the Curie temperature of terbium, this is well
below the Curie temperature of nickel I627 K (Ref. 59)j.
Thus, for very thin overlayers of terbium on Ni(111), the
terbium overlayer is in the applied magnetic field of the
substrate. This induces some magnetic ordering as in a
paramagnet:

M=psBX(EF) .

This induced ordering will damp away from the interface.
The damping will depend on a variety of factors such as
the domain size, orientation of magnetization, and the
coupling between terbium and nickel for ferromagnetic
terbium, but for paramagnetic terbium, our results are
consistent with the Ginzburg-Landau model of
Mathon as we shall demonstrate below.

For thick films of terbium on Ni(111), the p-level an-
isotropy decreases dramatically away from unity as the
temperature of the film is reduced to below T, . Since the
terbium 5d band is of d 2 2 character for the thick
films, we can compare our results with those obtained for
gadolinium thin films on Cu(100) with identical 5d char-
acter. For gadolinium on Cu(100), the p-level anisotropy
was observed to decrease with decreasing temperature
rather than increase, with some evidence suggesting that
this occurred as a result of a component of magnetization
along the surface normal. ' The results presented for fer-
romagnetic Tb on Cu(100) in Fig. 4 resemble those results
reported for ferromagnetic Gd on Cu(100). We conclude
that the ferromagnetic ordering of thick terbium films is
accompanied by a change in the p-level anisotropy. The
p-level anisotropy serves as a means of probing and ob-
serving the onset and presence of ferromagnetic order in
rare-earth containing films.

For the thinner films of terbium on Ni(111), the p-level
anisotropy increases rather than decreases with increas-
ing magnetic order (decreasing temperature) because the
density of states near the Fermi energy has a d, , like
character, resulting in apparent changes in the p to d cou-
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pling in the final state. In general, our temperature-
dependent results are consistent with temperature- and
thickness-dependent dichroic effects observed for terbium
overlayers on Ni(110) (Ref. 12) and polarization effects
observed for terbium overlayers on Fe(100).'

There is experimental evidence that the magnetization
of the Ni(111) surface is in the plane of the surface. The
results from the p-level anisotropy are consistent with
this orientation of the magnetic moment because of the
behavior of the p-level anisotropy which goes to unity as
z~ ca. The p-level anisotropies for Tb on Ni(111), for
the thinner films, differ substantially from the p-level an-
isotropies observed for ferromagnetic Tb and Gd on
Cu(100) consistent with the different magnetization axis
for these two systems obtained by combining p-level an-
isotropy and constant initial-state photoemission results.
Large in-plane magnetizations have also been observed
for Gd on Fe(100) (Refs. 14 and 15) and Tb on Fe(100),'~
for both T) T, and T & T, . The substrate magnetization
can overcome the tendency toward the anisotropic mag-
netization along the surface normal. The energy of the
magnetic anisotropy is relatively small, even for the fer-
romagnet, with a value about 0.5 meV/atom or less. '

Since the paramagnet will have a smaller anisotropy ener-
gy than the ferromagnet, it is unsurprising from Eq. (1)
that the substrate magnetization can dominate the over-
layers.

GINZBURG-LANDAU THEORY
APPLIED TO RARE-EARTH OVERLAYKRS

—M(r) H+ —,'C[VM(r)] (2)

The first term fo(r) is the free energy per volume in
the absence of magnetization. Also, the order parameter
M(r) is the magnetization in the film. If, for example,
the substrate is a single domain ferromagnetic crystal,
then the magnetization vector is M(r)=e„M(r), with the
x axis as the easy axis of magnetization. This assumes
that the film is a linear magnetic material with magneti-
zation parallel to the inducing field. The fields H and H
are the demagnetization and applied field, respectively,
while the Ginzburg-Landau coeKcients 3, B, and C are
temperature-dependent parameters. In particular,
A = A ( T)=—( T T, )a is generally —assumed, with a & 0
and independent of T. The constant B is positive (or the
transition would be first order) and can be related to spin
and temperature. ' The temperature dependence of 3
and B near T, is rather suspect and does not agree with

There have been a number of theoretical studies in
which the spatially dependent magnetization M(r) has
been described for films, alloys, and ferromagnetic multi-
layers by applying the Ginzburg-Landau formula-
tion. Here, we apply the method to a paramagnetic
film on a ferromagnetic substrate and also make some
comments on its extension to a ferromagnetic film. The
free energy per unit volume in the Ginzburg-Landau for-
mulation ' is

f(r) =fo(r)+ ,' A [M(r)] +—[M(—r)]——,'M(r) H
B

d Mo(y)
AMO(y)+BMO(y) —C =Ho (y) . (3)

The coordinate y is the distance of the considered plane
in the overlayer film to the interface. Hence O~y ~z
where z is the film thickness. From symmetry considera-
tions, we expect Mo(r) will not depend upon the in-plane
coordinates. Thus Ho (y) is the component of H along
the magnetization direction.

Schwenk, Fishman, and Schwabl have considered the
case of periodic multilayers of two alternating materials.
When the in-plane dimensions are much greater than the
layer thickness, they show that Ho is zero. These condi-
tions hold in our experiments, and we will neglect Hp.
Both in our rare-earth experiments, and those of Landolt
and co-workers, ' ' the magnetization appears to be
largely "in plane. " Thus in our experiment for paramag-
netic Tb on Ni(111), those of Landolt and co-workers for
Tb or Gd on Fe(100) (Refs. 14 and 15) and geometries of
Schwenk and co-workers H =B—4~M and very
restrictive boundary conditions apply, setting
H = —4~M~=0. Limiting ourselves to the static mag-
netization, and deleting the subscripts of Eq. (3), we can
write

d M—C
2

+ AM(y)+B[M(y)] =0 . (4)

Analysis of M(r) as a scalar is valid (as indicated above)
for the present results where T)T, .

If T & T„a vector model is more appropriate as dis-
cussed elsewhere. Due to the antiferromagnetic cou-
pling of the rare-earth overlayers with transition-metal
substrates, "' ' both parallel and perpendicular com-
ponents of M(r) (Ref. 12) exist and must be considered.
A parallel component arises from the necessity of satisfy-
ing V 8=0 and the shape anisotropy.

For T(T, we can write M(r)=M~~(r)e~[+Mi(r)ei,
with Mll and M~ as the components of M that are paral-
lel and perpendicular to the interface, respectively. Not-
ing that the third term of Eq. (2) is (B/4)[M(r) M(r)],
Eq. (2) becomes

f(r)=fo(r)+ Mii(r) + Mj(r) +—Mi~(r)

+—M (r) M (r) +—M (r) ——'M H —M H2 2 4
ll ~ 4 ~ 2

+—[VM„(r)]'+—[VM, (r)]' . (2')

The condition 5F/5M =0 is replaced by
5F /5M

ll

=0=5F /5M~ to yield a pair of differential
equations for M~~ and M~ that replaces Eq. (3). Due to

the available data. ' ' The constant C is discussed by
Suhl and Murata and Doniach and is positive. We
will apply the formulation at a fixed temperature and
thereby not require temperature dependence.

In the Gaussian approximation, the static magnetiza-
tion Mo(r) is found by solving 5F/5M =0. This approxi-
mation will be valid except in the immediate vicinity of
the critical point. Applying this, and setting H =0
yields35, 37,66
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M(0) dM(y)KZ—
~(z) Ib[M(y)] +[M(y)] +a I'~2

the term (B/2)M&(r) M~~(r), these two equations will be
coupled. These two coupled equations are then

d'M, ~(y)—C + AM~~ y +BM~~(y)M(y) =H~~

(9)

Hence if any two of the five constants are known, the
remaining constants can be ascertained by applying Eqs.
(8) and (9).

Interpretation of A, follows from Eq. (7b). If
M(y)-e ~ describes the magnetization near the free
surface, then KA, =1. If the free surface magnetization is
larger than predicted by an exponential decay (a large
penetration depth t~ ') then i~A, ) 1, corresponding to a
small value for IM'(y)I~, . However, M(z) &M(y) will
still hold for y & z, thus the free surface is weakly
enhanced. When 0 (iik ( 1, then IM'(y) I~, is of a
larger size than would be the case for a simple exponen-
tial decay. Then the surface magnetization is suppressed.
If —1 & i~A, & 0, then there is an increase in M (z), relative
to the layers beneath the surface. In this case M'(y)

I

is positive and large (thus representing a liue surface lay-
er). Finally, for ~A, & —1, M(y) increases more strongly
than exp(try) near the free surface and the surface layer is
strongly enhanced It sho. uld be noted that if M(y) obeys
M (y) =M(0)e '~ throughout the entire film, then
X=y=K '.

The integral in Eq. (6) can be cast in the form of in-
complete elliptic integrals of the first kind defined by

d Mi(y)—C + AMi(y)+BMi(y)M(y) =Hi (3")

where b =B/2A and a is a constant of integration. The
correlation length, dependent upon bulk properties of the
overlayer, is K ' and is related to short-range magnetic
order. The value i~ is defined by i~=( A /C)'

The second integral yields the solution for M(y): do.
F(& k) —f 20 (1—ka) (10)

M(0) dM (y)
Ky =

[b[M(y)] +[M(y)] +a I'
As noted already, B & 0 and hence b & 0 for paramagnetic
terbium. Standard identities allow the solutions for
M (y) to be rewritten. For the case 0 & 4ab & 1,

assuming that M(0)) M(y) within the layer, as is cer-
tainly the case for a paramagnetic layer on a ferromag-
netic substrate. We may also expect the sign choice for
the square root to be positive for the case of a ferromag-
netic layer on a ferromagnetic substrate if the substrate is
the stronger ferromagnet.

The two constants of integration of Eq. (6), M(0) and
a, can be conveniently expressed using length parameters
Rand@by

M+i/b xy =F( aqo) F(ay, q), —

with

M~ =(2b) '
( ]+i/I 4ab ), —

(M2 M2 )1/2/M

a =arctan[M(y)/M ] .

(12a)

(12b)

(12c)—1 dM(y)
M (0) dy If 4ab &1, then

7a
y=0

where, under some circumstances (i.e., very thin films),
Hm 0 35

II

Mathon has argued that the Ginzburg-Landau theory
can be applied to palladium overlayers on nickel for
thickness values less than 10 to 15 monolayers. Here we
apply the theory to results obtained for terbium films of
thicknesses five monolayers or less.

The demagnetization field H is negligible in our
paramagnetic overlayer. Returning to T & T„setting H
to zero as in Eq. (4), and integrating Eq. (4), yields

1 dM(y) =[M(y)] +b[M(y)] +a,

1 —1 dM (y)
M (z) dy

(7b)
(ab )'~ i' =F(P,g) F(Po, g), —

with

(13)

The length A. describes the free surface and is analo-
gous to the free surface extrapolation length introduced
by Binder and Hohenberg in their discussion of the
Lenz-Ising model. Similarly, y characterizes the inter-
face. Mathon ' 7 has given values for A, and y by study-
ing magnetization data for palladium films on a nickel
substrate.

Combining Eqs. (5) and (7) yields a pair of equations
relating the five constants a, M (0), M (z), A, , and y:

M (y) —i/a /b
cosp =

M(y) +v'a/b

g=-,'(ab)-'"[(1+&2)'"—1],
g=4ab —1 .

For a & 0, the result is

i/ysy =F(eo,S ) F(e,S), —

with

(14a)

(14b)

(14c)

(15)

[(&y) —1][M(0)] —b[M(0)] =a,
[(&y) —1][M(z)] —b[M(z)] =a .

By substituting z =y into Eq. (6) we can obtain

(8a)

(8b)
q =i/I+4Ia~b,

cose = i/(y —1)/2b1

M (y)

(16a)

(16b)
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S= —&(I/y)+ I .1
(16c)

O
Terbium Thickness ( A)

6 9
I I

l2

In principle, if sufficiently extensive data for M(y) are
available, comparison with Eqs. (11), (13), and (15) will al-
low determination of a, b, a, and M(0). This would per-
mit us to derive k and y. Here, however, we will only at-
tempt to fit our data to the case of b =0, in harmony with
the fact that b is generally very small for a paramagnetic
material. The result for M(y) can be found from Eq. (4)
or from Eq. (6) by setting b =0. The result is

2—

M(y) =Re + Te' (17a)

where the two constants of integration, R and T, replace
the original pair of constants M(0) and a, and obey
R &T&0.

The function M(y) is really a function of y and z, i.e. ,
M(y, z). Since photoemission is a surface sensitive probe
under our experimental conditions we have, in fact, mea-
sured M(z, z). Assuming M(y, z) is independent of z, we
then write

0
0

I I I I

2
Terbium Thickness (rnonolayers)

FIG. 7. The Ginzburg-Landau model fitted to the p-level an-
isotropy data for paramagnetic terbium. The values of

0'=0.71 (-2.5 A) and q =1 have been used.

M(z) =Re "+Te", (17b)

M(z) -=Re (18)

The p-level anisotropy is unity with no magnetic order-
ing and (neglecting crystal-field effects) thus

which corresponds to our measurement.
Since for very thick films, the free surface magnetiza-

tion approaches zero, the constant T~O. This implies T
is small. In fitting Eq. (17) to the data for paramagnetic
terbium, we restrict the fit to the case for which T «R,
allowing for the second term in Eq. (17) to be omitted.
Thus

experimentally derived crystal-field effects have little
effect on lr '. )

As pointed out earlier, the correlation length is related
to the short-range magnetic order for T & T, and is, in
principle, a bulk property. ' For bulk terbium the in-
verse correlation length has been obtained from the
short-range magnetic order measured by neutron
diffraction. Extrapolating these results to our tempera-
ture of 300 K gives us values of ~ '=2. 8 A along the c
axis and ~ '=4.9 A along the basal plane of bulk terbi-

P„(z) —
q =pM(z),

S

(19)
IOO

Thickness (A)
4 6

where p is an appropriate scaling constant, and q is unity
with no crystal-field effects (and 0.82 to 1.2 using our ex-
perimentally measured crystal-field effect and assuming
this deviation from unity is not altered by short-range
magnetic order). We have fit this equation to our data
for terbium on Ni(111) as shown in Fig. 7 (assuniing
q =1.0), and the agreement with this exponential profile
is good. In fitting this data, we use the fact that photo-
emission is surface sensitive. The small deviations of the
experimental data from the exponential profile are a re-
sult of errors in our estimation of the terbium coverage.

This Ginzburg-Landau theory can also be applied to
the results obtained for terbium on Fe(100) from Auger
electron polarization studies by Paul, Landolt, and co-
workers. ' These results plotted in Fig. 8 have been fitted
to Eq. (18) as well. For terbium on Ni(111) we ascertain
that the correlation length K

' =0.71+0.19 monolayers
(2.5+0.7 A) which is in reasonable agreement with the
value of Ir '=1.0 monolayers ( —3.5 A) obtained for ter-
bium on Fe(100) considering the difficulties in estimating
the terbium overlayer thickness and the differences in the
electron mean free path (the surface sensitivity) between
the two spectroscopies employed. (Corrections for the

90

80

70

60-
50-

~4) 40-
50-
20-
IO-

0
0 I

Thickness (monolayers)

0

I

2

FIG. 8. The Ginzburg-Landu model fitted to the Auger elec-
tron polarization data for terbium on Fe(100) taken from Ref.
15. Data for room temperature (+) and 170 K (0 ) have been
plotted. The Ginzburg-Landau model has been fitted to the

0
room-temperature data using a value of ~ '=0.98 (-3.5 A).
Notice the overall similarity of this data and those shown in
Fig. 6.
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um. The correlation length for bulk terbium along the c
axis is in surprisingly good agreement with our value of

This result suggests that the terbium overlayer,
while showing no crystal order in LEED or reflection
high-energy electron diffraction (RHEED), grows with an
hcp structure with the basal plane parallel with the sur-
face, or least has a Tb-Tb lattice constant close to that of
the in-plane basal face lattice constant.

The effective values obtained for the correlation length
0

a. ' for paramagnetic terbium overlayers (2.5 —3.5 A or
less than an atomic diameter) are much less than the
correlation length of ~ '=5 A (much more than an
atomic diameter of Pd of 2.75 A) obtained for palladium
(a nearly ferromagnetic metal) on nickel. ' ' This
difference is particularly apparent if one considers that
the experimental spectroscopies employed are not per-
fectly surface sensitive. This is unsurprising in view of
the far more localized interactions expected for the rare-
earth metals as opposed to the transition metals. The ter-
bium results are in good agreement with the correlation
length of 2.5+0.5 A estimated for Gd on Fe(100) at
T/T, =1.22 (Ref. 14) (as compared with a T/T, =1.4
for the terbium results reported herein).

Recall, if the decay rate is a simple exponential
M(y)-e ~ over 0(y z, then A, '=Ir follows from Eq.
(7). Returning to the data for Tb, the fact that its
paramagnetic phase follows an exponential decay so well
indicates that sck-1. Hence there exists at most very
weak suppression or very weak enhancement at the Tb
free surface. The Tb free surface acts like a paramagnet
and does not show either strong enhancement or "live"
behavior. A similar result (i.e., ~A, -1) was found by
Gradmann and Bergholz for Pd overlayers on Ni, at
room temperature.

Boundary conditions [Eqs. (7) and (8)j at the interface
result in a diminution of the magnetization at the fer-
romagnetic substrate surface as a result of the paramag-
netic overlayer. Spin-dependent photoemission studies of
terbium on Fe(100) (Ref. 17) have observed a reduction of
the polarization of the Fe(100) substrate valence emis-
sion, consistent with these boundary conditions.

CQNCLUSIQN

By measuring the p-level anisotropy above and below
the terbium Curie temperature, we have demonstrated
conclusively that the p-level anisotropy can be used to
probe magnetic order in rare-earth overlayers. Our re-
sults show that terbium overlayers magnetically interact
with ferromagnetic substrates such as nickel or iron. The
ferromagnetic substrates clearly induce some magnetic
order in very thin ( (4 monolayer equivalents) terbium
films which damped with increasing distance away from
the interface in a manner consistent with Ginzburg-
Landau theory. We find the correlation length for terbi-
um to be 0.71(i~ '(1.0 monolayer (2.5 —3.5 A) at 300
K. This result is consistent with the bulk correlation
length, and results reported for gadolinium. '

The smaller correlation length found for paramagnetic
terbium, in comparison with paramagnetic Pd may reAect
that the magnetic interactions in the rare-earth metals
are far more localized than in palladium. Our experimen-
tal and theoretical analysis indicates that paramagnetic
terbium on Ni(111) exhibits a magnetization that follows
an exponential decay from the ferromagnet-paramagnet
interface.

We have also established that paramagnetic terbium on
Fe(100) exhibits an induced magnetization that decays ex-
ponentially away from the interface using the results of
Landolt and co-workers. ' It is unsurprising that both
our p-level anisotropy data and Landolt and co-workers'
effective electron spin-polarization data lead to the same
conclusion, given the results of the Ginzburg-Landau
theory.
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