RKKY interactions across yitrium layers in Gd-Y superlattices
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A simple calculation of the RKKY coupling between two Gd arrays in a Gd-Y superlattice is
presented. The calculation is valid for Gd arrays consisting of a single atomic layer. The
Fourier transform J(g) of the exchange interaction between two Gd layers separated by Y is
taken to be that of Gd layers embedded in an Y matrix. Plausible arguments are given in
support of this procedure. The coupling is calculated by making use only of the measured J(g}
in bulk Gd and of the calculated generalized susceptibilities of Gd and Y. The coupling is
found to be of fairly long range and to be consistent in sign with recent neutron scattering
measurements of long-range order in Gd-Y superlattices. Numerical calculations on a model,
one-dimensional superlattice with two free-electron metals of different electron densities have
not provided a useful guide for calculating RKKY interactions in superlattices and further

theoretical work is necessary.

The magnetic properties of metallic superlattices, one
constituent of which is magnetic, are currently the obiect of
study in several laboratories. In particular, the field and tem-
perature dependence of the magnetization of multilayers of
Gd,, Y, (repeating units of M layers of Gd followed by
layers of Y} have been investigated' in this laboratory for
values of ¥ as small as 5. One of the intriguing questions that
arise is whether the RKXY coupling between two Gd arrays
that takes place through the intervening Y layers is signifi-
cant enough to produce coherence between the magnetiz-
ations of successive Gd arrays. An ¢ priori theoretical way to
answer this guestion would be to do a seif-consistent band-
structure calculation of the superlattice, tc calculate the 5-f
exchange interaction j, with this composite band structure
and finally to calculate the RKXY interaction across the Y
layers. This is a very ambitious program which will not be
attempted here; instead we will make a first step toward esti-
mating the magnitude of the coupling, which is based on
some observations of the Gd-Y system and on physical intu-
ition.

First, because Gd and Y have very similar lattice param-
eters, the strain in the superizttice (which is grown normal
to the hexagonal planes) wil be small and the values of the
Iattice parameters will be similar to those of bulk Gdor Y.

Second, even for values of A and N as small as 3 and 5,
the measured Curie temperatures are found to be close to
that of the bulk, and deviations from this value can be under-
stood by assuming that the exchange interactions between
Gd ions in an array are the same as in bulk Gd, and by taking
into account the finiteness of the number of layers in the
array and the fact that the RKKY interactions in Gd are of
moderately long range.” It is as though the propagation of
the conduction electrons through the superlattice does not
affect the magnitude of the exchange coupling between two
Gd ions when they are both in the same array of M layers. It
seems reasonable then to assume that the exchange coupling
between Gd ions in adjacent arrays, which takes place
through the intervening Y layers, is also not affected by the
superiattice band structure.

Based on these observations we can now make a simpli-
fied calculation of the coupling between two Gd atomic lay-
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ers separated by &V layers of Y (the method is not directly
applicable to Gd layers beyond the interface): We compute
this coupling as if {a) the two Gd layers are embedded in an
infinite Y matrix, and (b} the s-f exchange interaction on a
Gd ion is the same as it is in bulk Gd. As will be seen below,
by making these two assumptions we circumvent the need to
do any a priori calculations and the coupling across Y layers
can be simply calculated by making use of existing measure-
ments of J{g) 4 in bulk Gd and of published calculations of
v{@)sq and ¥ (g)y, the wave-vector-dependent susceptibili-
ties of Gd and Y. (The subscript on a physical guantity indi-
cates the metal to which it refers.)

A good discussion of indirect exchange interactions in
the rare-earth metals, which can be consuited for general
background and notation, is given in the review article by
Freeman’ : Briefly, consider J(q), the Fourier transform of
the exchange interaction between two localized spins. In the
usual approximation of replacing the k and k' dependent s-f
exchange integralj, (k, k') by j, {(g) which depends only on
q = k' — k the quantity J(g) g4 18 given, to within a numeri-
cal factor, by

J@)ga = Ijsf(q)(‘xdzfx(q)(}d' (1)

The two assumptions made above amount to the foliow-
ing ansatz for the exchange coupling function J{(g)gq.y Of
Gd ions in a Y matrix:

T Doy = liy{@oal’x(@)y. (2}

Once J(g) 4.y is known the interplanar coupling is cal-
culated as follows: Since the hexagonal layers are stacked
normal to the ¢ axis, only a knowledge of J(g) where g is
along the ¢ axis is needed. Bearing in mind that the hep
structure is made of two interpenetrating simple hexagonal
lattices, the distance between adjacent planes is ¢/2 where ¢
is the primitive displacement. The interlayer exchange inter-
action J{N) between layers that are a distance (N + [)e¢/2
apart {or separated by N layers) is then given by*

e 27/

J() =5 J(g)cos[ (N + 1)eg/2]dg. (3)

TS0

The precise meaning of J(N) is that it is the sum of the
exchange interactions between each spin of one Gd layer and
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FIG. 1. Functions J(§) ga.y and J(q)qy in meV, calculated as described in
the text. The wave vector q is normal to the hexagonal plane. The maximum
of J(@)ga.y I8 2t Gy = 0.28 X 27/c as deduced in Ref. 2.

any given spin in the other Gd layer. It is essentially the
coupling coeflicient between layers considered as sublat-
fices.

We now return to the determination of J(g)gq.y- The
function J(g) g for q along the ¢ axis was measured in Ref.
2. The susceptibility functions y{q) for Gd and Y were cai-
culated in a paper by Liu ez a/.> For Y, a sharp maximum in
x{@) atg=0.4 X 27r/cis predicted. Making use of these data,
we have numerically calculated J(g) gy y by simply multi-
plying J{g)gs by the ratio y(g)y/v{@)sq which was ob-
tained from the published graphs® of these functions. The
resulting  J{g)lgay shows a  maximum at
Tmax = 0.367 X 27/c, which originates from the maximum
of y(q)y. Recent experimental work® indicates that the
maximum is instead at g, = 0.28 X 2#/c. We have accord-
ingly modified the calculated J(q) g4+ by smoothly shifting
the peak to the experimental value. The result is shown in
Fig. 1, together with the J(g)gq of Ref 2.

MNote that J{g) gq.v 18 larger thanJ(g} g, for all ¢ values,
which leads us to expect larger interactions across Y layers
than across the same number of Gd layers. This suggests also
that the interactions between Gd ions in 2 Y matrix are
stronger than those in bulk Gd. A recent paper’ on YGd
alloys gives some evidence that this is true. Extrapolation of
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FIG. 2. Range function of the RKKY interaction along the ¢ axis for Gd
jons embedded in Y. The abscissa shows the number of ¥ atomic layers
separating the Gd. The ordinate is J() [or more accurately, the function
J{z) defined in the text, which equals J(N) at z = (¥ + 1)c/2]. One verti-
cal division corresponds to 0.025 meV.
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the straight line of Fig. 2 in Refl 7 to 100% Gd gives an
ordering temperature of 450 K which is about a factor 1.5
the Curie temperature of bulk Gd. This factor is a rough
measure of the relative magnitudes of the exchange cou-
plings that take place via the Y and Gd conduction bands,
respectively.

By substituting the function J{(q)gqy n Eq. (3) we
have obtained numerically the interlayer interactions
J(N}gay- These are listed in Table [ where, for comparison
purposes, we have also shown the J(N) g, of bulk Gd. The
J{N};q are seen to be negligible for N5, a fact which pre-
sumably is due to the structureless character of J(g) 4 and
the resulting destructive interference in the range function at
moderately large N. By contrast, the J(¥ ).y are more
than an order of magnitude larger in the range N = 5-10,
being positive for N = 5-7 and negative for N = 8-10. In
order to exhibit more fully the behavior of the range function
for this case, we have calculated, using (3), the Fourier
transform of J{g) 4.y for a continuous range of values of the
distance z and plotted the result, J{{(z — ¢/2}/(c/2) laav
=j(z}, in Fig. 2. Notice the well-defined oscillation between
N =4 and N =11, with a wavelength of A =7(¢/2}. This
value of 4 corresponds to the position of the maximum
(Gmax = 028X 2w/ ¢} of J{q) ga.y - Beyond N = 11, destruc-
tive interference from the continuum of ¢ values in J(@) 4.y
seems to set in and j(z) remains appreciably smaller.

Recent experiments® show that for separations of N = 6
and 10, successive arrays of Gd order respectively parallel
and antiparallel to each other, in agreement with the signs of

Jj(z) calculated in Fig. 2. Our model is thus consistent with
experiment,

In the case that the magnetic component of the superlat-
tice is ferromagnetic (such as Gd) and if interactions
between Gd arravs that are beyond nearest neighbors are
neglected, then the coupling through the intervening Y can
only lead to parallel or antiparallel ordering in the superiat-
tice.

However, the RKKY interaction can also lead to long-
range coherence between helical configurations of spins, as
observed in the work of Salamon et a/.° in Diy-Y multilayers:
Consider a Dy array next to an Y array. The exchange field

TABLE I. Calculated interfayer interactions in meV. The J(N) 4.y are the
interplanar interactions between single Gd layers embedded in an Y matrix.
For comparison the J{N ), of bulk Gd are listed in the last column. Cur
values of J( V)4 are half of those listed in Ref. 2 because the latter lists the
sum for the two layers on either side of the reference layer.

Number of
Y layer (&) F(NY gy J(N)ga
1 - 0.0027 0.0454
2 - 0.0253 0.0460
3 —0.1792 - (.0663
4 —0.0197 0.0182
5 0.0245 €.0007
6 0.0646 ©.0015
7 0.0324 0.0002
8 — 0.0033 — 0.0030
9 —0.0183 0.0037
10 —0.0174 0.0014
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FIG. 3. Turn angle & of the exchange field seen by a Dy atomic layer scpa-
rated from the previous Dy array by Ny atomic layers of Y. The values of @
have physical meaning only at integral values of ¥ ;. 6, which is continuous,
is plotted modulo 27.

induced at an Y lattice site will be the vector sum of the
exchange fields induced by all the atomic layers of Dy. Since
the directions of the moment in successive Dy layers differ
by the pitch angle in Dy, these exchange fields at an Y site
will point in correspondingly different directions and also
have different phases. Because of these phase differences the
total exchange field will have the character of an elliptically
polarized field as it propagates through the Y medium. The
direction of rotation is determined by the helicity of the mag-
netization in the Dy array. As the exchange field reaches the
next Dy array, it acts on this array with this same direction of
rotation and thus causes the helicity in this array to be the
same as in the preceding Dy array. In this way, the RKKY
coupling can lead to long-range cohkerence of helical order-
ings in multilayers. We are not prepared to say whether this
is the actual explanation of the results of Ref. 9, but only that
it offers an alternative explanation for what we believe is still
an open question.

We have used our model to compute the magnitude and
the angle @ that the exchange field at an Y layer makes with
the direction of the moment at the Dy interface. For simpli-
city, only the RKKY contributions from the twe Dy layers
closest to the Y were included. The exchange coupling func-
tion of Dy,'® multiplied by the ratio of the susceptibilities of
Y and Dy, was used to calculate the exchange fields at the Y
sites. Figure 3 shows the angle 8 at successive Y layers. It is
seen that & increases by 360 in approximately seven layers,
which, as expected, corresponds to the value of ¢, of the ¥
susceptibility. The wiggles in the curve result from the inter-
ference of the two maxima of J(g) in Dy (Ref. 10) and spoil
the simple picture of a smoothly increasing rotation angle,
leading possibly even to loss of coherence in the helicity. The
magnitude of the exchange ficld is of order t1 and 4 kG at
separations of 9 and 13 layers of Y, respectively. We empha-
size that these numbers are obtained with our very simplified
model and can be taken only as possible guides.
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Since there are no superlattice band-structure calcula-
tions that could be used to interpret the present data , we
have considered a model, one-dimensional bilayer superlat-
tice whose constituents 4, B are two free-electron metals
with different electronic densities, n#, and ng. This differ-
ence was imposed by introducing a potential jump ¥, at the
interface of 4 and B. Numerical calculations done with this
model have shown that the superlattice wave functions,
which are obtained by satisfying the boundary conditions at
the potential jump and by imposing periodicity conditions,
can have quite unequal mean values of the amplitude
squared, [W, |? and | ¥, |? in the twe constituents. The ratio
0 =¥, |*/¥;|* becomes, at moderately large values of ¥V,
a strong function of the energy of the state. As a result, the
RKKY interaction calculated with the eigenfunctions of the
superlattice becomes dependent on the value of ¥ insuch a
way that no useful guide to the experimental results can be
obtained.

Actually this free-electron model bears little resem-
blance to the Gd-Y system in which both constituents have
three valence electrons. In addition,'! band-structure calcu-
lations give very closely the same value, 0.34 Ry, for the
occupied part of the valence band in both metals. The differ-
ence in their y(g) arises from a difference in their respective
pseudo-potentials and a consequent nesting featurein Y. Etis
unlikely that substantial transfers of charge occur, upon su-
perlattice formation, between the two metals at specific
points of the Brillouin zone, except possibly at q values close
to the nesting region. Clearly more theoretical work is need-
ed in order to understand how the electronic states are affect-
ed by superlattice formation.

I wish to thank E. M. Gyorgy, J. Kwo, and D. B.
McWhan for stimulating conversations and for bringing this
problem to my attention; C. F. Majkrzak for communicating
his data before publication; and Tara O'Brier for an excel-
lent programming of the one-dimensional superlattice calcu-
fation.

7. Kwo, E. M. Gyorgy, D. B. McWhan, H. Hong, F. J. DiSalvo, C. Vettier,
and J. E. Bower, Phys. Rev. Lett. 85, 1402 (1985); also J. Kwo, E. M.
Gyorgy, F. §. DiSalvo, M. Hong, Y. Yafet, and D. B. McWhan, J. Magn.
Magn. Mater. 54-57, 771 (1986).

2W. C. Koehler ez al., Phys. Rev. Lett. 24, 16 (1970); Per-Anker Lindgard,
Phys. Rev. B 17, 2348 (1978).

*R. I Elliott, ed., Magnetic Properties of Rare Earth Metals (Plenum
Press, New York, 1972), p. 245.

*H. Bjerrum Moller, J. C. Gylden, and A. R. Mackintosh, J. Appl. Phys.
39, 807 (1968). Also Ref. 3, p. 187.

5S. H. Liu, R. P. Gupta, and S. K. Sinha, Phys. Rev. B 4, 1100 (1971).

SB. . Rainford, H. B. Stanley, and B. V. B. Sarkissian, Physica 13¢B, 388
(1985).

L. E. Wenger and J. A. Mydosh, F. Appl. Phys. 55, 1850 (1984).

8C. F. Majkrzak, J. W. Cable, J. Kwo, M. Hong, D. B. McWhan, Y. Yafet,
J. V. Waszczak, and C. Vettier, Phys. Rev. Lett, 56, 2700 (1986).

M. B. Salamon, Shantanu Sinha, J. §. Rhyne, J. E. Cunningham, Ross W.
Erwin, Julie Borchers, and C. P. Flynn, Phys. Rev. Lett. 58, 259 (1986).

YR, M. Nicklow, N. Wakabayashi, M. K. Wilkinson, and R. E. Reed, Phys.
Rev. Lett. 26, 140 (1971).

', L. Loucks, Phys. Rev. 144, 504 (1966); 8. C. Keeton and T. L. Loucks,
thid. 168, 672 (1968},

: Y. Yafet 4060

Downloaded 18 Apr 2005 to 148.6.178.100. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



