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Magnetically "dead" layers, previously observed in iron films at room temperature,
are observed in nickel. From the temperature dependence of this effect it is deduced
that two dead layers persist at T = 0, independent of the film thickness. Existing theo-
ries of magnetic thin films are unable to account for these observations. The existence
of dead layers at T = 0 is attributed to a transfer of electrons from the s band to the d
band in the neighborhood of a surface. This effec. is incorporated in Stoner s theory of
ferromagnetism and the results on the temperature dependence of the number of dead
layers are in good agreement with experiment.

A new effect in ferromagnetism was recently
observed in iron films. ' It was found that at room
temperature every iron film apparently has two

magnetically "dead" layers; no theory was pro-
posed for this effect. In this Letter we report
new work on nickel films in which the dead-layer
effect is even more striking. The variation of
the number of dead layers with temperature is
investigated and it is shown that these effects can
be understood on the basis of an intinerant-elec-
tron theory of ferromagnetism.

Production of nearly continuous, nonstressed,
and unoxidized thin nickel films must be achieved
in order to observe these effects properly. For-
mation by electroplating from an aqueous solution
of nickel salts was found to be superior (com-
pared with vacuum evaporation) for film produc-
tion. Film uniformity was checked by the voltaic
method described previously. ' Film thickness
was obtained from the electrolytic current and

the time. The ferromagnetic Qux was observed
by the change in induced voltage between two

coils, one of which was powered by the line fre-
quency (60 Hz) at levels to produce saturation in

the plane of the film. The induced voltage was
electronically integrated to give a signal propor-
tional to the saturation flux.

The observation method is il.lustrated by the
recording shown in Fig. I which gives the ob-
served magneti. c flux in a nickel film as the thick-
ness is continuously increased by electroplating
onto a nonmagnetic substrate. Note particularly
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FIG. l. Recording of the saturation Qux as the
thickness of a nickel filID 18 continuously increased
by electrolytic deposition. Four dead layers (or their
equivalent) remain dead as the film thickness continues
to grow.
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FIG. 2. Relative Qux versus thickness for a number
of discrete nickel samples. The zero-Qux intercept
denotes four dead layers at room temperature and two
dead layers at T =0.
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FIG. 3. Thermal variation of magnetization for two
discrete samples: 7 and 17 atomic layers. Each point
represents observation at the designated temperature.
The smooth curves are theoretical; predicted deviation
of film behavior from the bulk arises solely from the
theoretical variation of the number of dead layers with
temperature.

that the flux contribution of four atomic layers
remains absent regardless of the film thickness.
This recording is preci. sely reproducible for a
large number of independent trials at room tem-
perature. Similar records have been obtained
for iron' and for cobalt, using the same experi-
mental techniques.

The possibility that magnetically "dead" layers
are the result of diffusion of the substrate into
the ferromagnetic film appears to have been
eliminated by the use of different substrates,
i.e. copper and gold, without discernible effect;
additionally, the flux is unchanged by deposition
of copper on the free film surface.

Figuxe 2 gives data for nickel which permit
extrapolation of the number of dead layers to ab-
solute zero. Each point on the straight lines
represents a discrete nickel film sample of des-
ignated thickness. Note that the zero-flux inter-
cept yields four dead layers at room tempera-
ture, consistent with the data of Fig. I, and two
dead layers at T = 0. The data points on the line
designated T = 0 are from the same discrete sam-
ples as observed at room temperature but are
obtained by extrapolation from temperature-vari-
ation measurements. As an example, Fig. 3 gives
the thermal variation of magnetization in Nro dis-
crete samples of 7- and 17-atomic-layer thick-
ness; each point represents observations at the
designated temperature.

The existence of dead layers implies that the
magnetization, averaged over the sample, is of

the form

M =M~-a/D,

where ~z is the bulk magnetization, D is the
number of atomic layers in the film, and + is
proportional to the number of dead layers. Al-
though the standard external-field spin-wave the-
ory of films' yields a magnetization of this form,
for the Heisenberg model & -0 as T-0 which is
contrary to the present observation of two dead
layers at T =0. Furthermore, the magnitude of
n at room temperature is much too small to fit
our experiments. The existence of dead layers
in Ni at T =0, and the temperature variati, on, is
accounted for in an itinerant-electron theory pre-
sented below. Clearly spin-wave effects are also
present in an itinerant-electron model- but here
we adopt a molecular-field approach which is a
direct extensi. on of bulk Stoner theory. The loss
of magnetic moment compared with the bulk oc-
curs only in the neighborhood of the surfaces
Rnd, 81nce interaction with the substrRte RppeR18
to be unimportant, it may be assumed that this
loss occurs equally at both surfaces. We use the
symbol d to represent the number of dead layers
per surface, so that d=I at T=0 for nickel.

The magnetic carriers in nickel are holes in
the d band Rnd in the bulk all their spins are
aligned at T =0. The observed loss of moment
near the surface could be due either to a local
reduction in the number of d holes, or to occu-
pied hole states of opposite spin bound at the sur-
face by the exchange potential. Detailed calcula-
tion shows that the exchange potential is not suf-
ficiently strong to produce such a surface state.
A loss of d holes near the surface is to be expect-
ed on the basis of the tight-binding approximation
for the d band Rnd ls best discussed ln terms of
electrons rather than holes. The top of the d
band in bulk Ni is at the three distinct points X in
the Brillouin zone. States near the top of the
band, corresponding to k near (0, 0, 2m/a) in the
bulk, have approximate wave functions of the
form

g ~Q R exp[&(k„g+k„q) j y(r-R) sink, l
for a (0, 0, 1) surface. The summation is over
atomic sites R = (g, q, g) in the semi-infinite met-
al and the plane f = 0 is a distance —,~ outside the
surface The wave .functions (2) rise only slowly
from zero at f =0, i.e., like sink, 'f where k, '
=k, -2&/a is smaQ. The situation for states cor-
responding to the other two X points is more
complicated. The existence of an ordinary non-
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hp. , = X.,jl', +(4~s'/~')(he&, + hp~, )

Ihp„j, -

where & corresponds to t or ) spin, ~, is the
Fouriex' component of the potential. due to the
charged plane, and I is an exchange parameter
related to the parameter ~' of Stoner theory.
The density-density response function g, is
taken as that for a noninteracting gas of &-spin
holes with density p (T) given by Stoner theory.
In our calculations we assume a parabolic band
with mass m* and choose m* and I so that, ap-
propriately for Ni, ' the spins are just completely
aligned at T = 0 and the Curie temperature T~
=630 K. It follows from (3) that

hM, (T) = h p i,- hp &,
——I', (T) hM, (0), (4)

xnagnetic surface state near the bottom of the d
band' would result in further reduced weight at
the surface for states near the top of the d band.
Thus, the effect of introducing 0.6 holes/atom
into the top of the d band, as in nickel, is to re-
move fewer electrons near the surface than in
the bulk. A similar boundary-condition effect
gives R reduced ~-electron density near the sur-
face, as calculated for a jellium model, ' and +-d
Coulomb interaction will enhance both effects.
%e thexefore predict an s -d transfer near the
surface. To account for the obsex vation of one
dead layer per surface at T=0 a transfer of 0.6
electrons per surface atom is required.

Low I1Rs shown thRt 1I1 the presence of cRI'I'lex'8

of both spins, as in nickel at finite temperatures,
a local charge-density disturbance leads to a
magnetic disturbance of longer range. The range
of the magnetic disturbance depends on the bulk
px'opex'ties of the ferromagnetic DletRl Rnd not on
the precise nature of the local charge distur-
bance. It is therefore possible to discuss the
magnetic effects of the reduced d-hole density
near the surface by considering a simple model
of a uniform gas of positively charged d holes
perturbed by the introduction of R po8itively
charged plane at ~ =0. A slightly more realistic
model would be that of a two-component gas, cor-
responding to d holes and & electxons, but since
the 8 electrons screen much less efficiently,
owing to their low density of states, we adopt
the simpler model. Following Low, the Fourier
components ~p ) q Rnd ~p ) q of the resultant chang-
es in hole density are given approximately by the
two equations

d(T) = tl'. (T)M(0)/M(T) 1d„ (6)

where do is the numbex' of dead layers at T = 0.
For a film D layers thick the reduced spontane-
ous magnetization is given by

M, (T) D-2d(T) M (T)
M~(0) D 2do M~(0—)

Here Ms(T) is taken to be the observed bulk Ni
magnetization, so that deviations of M, (T)/M, (0)
from bulk behavior are due to a txue dead-layer
effect and not to deviations of the bulk Stoner
magnetization M(T) from the observed M&(T).
The only adjustable parameter in the theory is
d„which represents the extent of the & -d elec-
tron txansfer at the surface and is takeo to fit the
experi. mental value do= I at T = 0. Numerical re-
sults compared %'1th experiment Rx'e shown ln
Flg. 3 fox' fllnls of 7 Rnd I7 layers. As Tc ls Rp-
proached the linear response calculation of ~

hM, (T) breaks down and interference effects be-
tween the surfaces must also be considered.
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where, for small q, I', (T) is of the form

(T) ~i 0 X ko

(X& +X&o+21X&ox&o)(I+a /& )

The corresponding spatial dependence of the loss
of magnetic moment due to the perturbation is
hM(z, T) =hM, (T)Ke "'. The range K

' is essen-
tially a normal screening length at T = 0 but in-
creases with temperature and behaves as (Tc

T) —'~' near Tc. This behavior should be con-
trasted to that of the density change hp(&, T)
+ hp(&, T), the total density loss being indepen-
dent of temperature and the range parameter
being always of the order of a screening length.

The number of dead layers d, calculated con-
sistently within the present Stoner-type theory,
is proportional to ( hM, (T) ( /M(T), where M(T) is
the calculated bulk magnetization. Thus,
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The coupling of the nonactivated spin-flop mode in MnF2 to two elastic modes via the
linear magnetoelastic interaction is shown to lead to discontinuities at the spin-flop tran-
sition in the elastic constants c&& and c =2(c&&-c&z). The directions of easy magnetiza-
tion in the basal plane are determined to be the equivalent [110] axes.

In this paper we demonstrate that basal-plane
anisotropy and/or hyperfine coupling to the Mn"
nuclear spin system lead to an energy gap at zero
wave vector (q =0) in the energy spectrum of the
so-called "nonactivated" spin-flop mode (NASFM)
in the nominally uniaxial antiferromagnet MnF, .
The linear magnetoelastic interaction couples
this mode to the elastic modes c' = 2(c»-c») and
cy j producing large, almost dis continuous de-
creases in these two elastic constants at the spin-
flop transition. This represents the first definite
experimental detection of the NASFM. The sym-
metry of these two elastic modes is sufficient to
conclude that the directions of easy magnetiza-
tion in the basal plane of MnF, are the equivalent
[110]axes. It is suggested that the coupling of
the NASFM to these elastic modes is responsible
for the "absorption edges" reported by Shapira
and Zak at the spin-flop transition of MnF, .'

In the usual approximation of uniaxial symme-
try the spin wave frequencies at q =0 are found
to be'

~, =y(H, +Ho), Ho& H, ;

—y(H 2 H 2)&/2 (2a)

zA—-0, Ho& Hc~ (2b)

where y is the gyromagnetic ratio, H, —= (2H~H„)' '
is the spin-flop field (H, = 93 kG in MnF, at 4.2'K),
H~ and H~ are, respectively, the exchange and
uniaxial anisotropy fields, and H, is the dc mag-
netic field applied along the "easy" axis (the easy
direction in MnF, is the [001] axis).

The macroscopic fourfold symmetry ef MnF,
about the [001] axis makes possible an additional
contribution to the magnetic anisotropy energy
which we take to have the following single-ion

form:

E„(basal plane)

K'
, (M,„'M„'+M,„'M„'), (3)

2 Mo

where H„' = ~K'~/M, is the in-plane anisotropy
field, M;,. is the jth component (j =x, y, z) of the
ith sublattice magnetization (i =1,2), and M,'
=Q, M„' =Q, M»'. In addition, the strong hyper-
fine interaction between the Mn" nuclear spin and
the electronic spin of the Mn" ion leads to an ef-
fective nuclear anisotropy field H„= 9/T G (T
= nuclear spin temperature) which acts along the
equilibrium direction of the electronic sublat-
tice." In the approximation H„»H„', H„, the
modes m, and &u, z [Eqs. (1) and (2a)] are un-
changed. However, an energy gap appears in the
spectrum for ~NA at q =0 given by

,„=y[2H,(H„H„)]", (4)

where terms of order (H, /Hs)' have been neglect-
ed. This result is independent of the sign of K'.

The coupling of elastic modes to the NASFM
via the linear magnetoelastic interaction depends
crucially on the sign of K'. Using a general form
of the interaction reflecting the tetragonal sym-
metry of MnF„ two types of coupling occur:
(1) As found previously, ' the mode c«couples to
co if Ho II, and to ~, f if Ho P, . The coupling
constant in both cases is designated b, (2) When.
H, & H„either c' and c]y or cl. and c66 couple to
the NASFM (depending on the sign of K'). Since
the NASFM does not exist for H, &H, and since
~&A is independent of H, for H, &H„ this coupling
produces discontinuous shifts hc;, -=c;,(H, & H, )

c,, (H, &H, ) at the spin-f—lop phase boundary (Ho
=H, ). The calculated &c;/ for the assumption K'
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