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Electromagnetic effects are shown to govern the transition from superconductivity to
ferromagnetism. A first-order transition to uniform ferromagnetism is predicted gen-
erally, but preceded by magnetic critical scattering which peaks at a finite wave vector.

Superconductors containing a periodic lattice of magnetic rare-earth ions have recently been discov-
ered." In some of them, as the temperature is decreased the superconducting state is followed by a
transition to a ferromagnetic state' in which superconductivity disappears.

The theory of superconductors containing magnetic ions has been extensively studied, 4 particularly
the effects of spin-Qip scattering and conduction-electron polarization. Here we consider the effects
of the interaction between the macroscopic magnetization M, the electromagnetic field A, and the su-
perconducting order parameter l pl and show that near the ferromagnetic transitions they play a domi-
nant role in type-II superconductors.

%e find that transitions from the superconducting state to two different states are possible as the
temperature is decreased: a state of uniform magnetization which is not superconducting and a super-
conducting state in which the magnetization is oscillatory (spiral structure) at a wave vector of the or-
der of (yX) ~', where y is the magnetic stiffness length and X is the London penetration depth. For a
reasonable choice of parameters, a first-order transition to the former is predicted, as is experimen-
tally observed. This transition is, however, always preceded by a region of temperature in which

y (q), the wave-vector-dependent susceptibility, peaks at a finite wave vector, indicating a tendency
toward the spiral state.

Our starting point is the free-energy functional:

FA, M, A) = fd rf-', alp~'+-'~ lql'+P. l(~ —ir.A)ql'

+ (~'/«)+ s ctlMI'+%MIMI'+ z y'l&MI' —~'M+ ~urn&M'+ n&IMMI'Il@l') (&)

In Eq. (I) B =& &&A. Also a =ao(T- T,)/T„where
T, is the upper superconducting transition tem-
perature and r, = 2e/bc. The London penetration
depth X(T) is given bye =4nPoroz lglz, n= no(T
—T ')/T '. The terms 2[q,M' I(l z+r(zl VM I z] lg I'
express the effects of conduction-electron polar-
ization and of spin-Qip scattering on supercon-
ductivity.

The uniform superconducting state has the free-
energy density

If I g I c 0, then B = 0 in the bulk of the sample,
and the question of magnetic order does not arise
until T&T '. If, however, I/i=0, then B =4',
and the free-energy density for the uniform mag-
netic state (with H =0) is

Fu =- (a —4~)'/4P, T &T„',

F, = —a'/4b for T & T,. „T'=( +I4w n/, ) T'
~ (4)
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(n+ y'q')M, a,-=b„
—M, + (4m) '[(1+q%')/q'X']B, =0,

(5)

n=ny'g&l(I ~ y =y +7/21/I ~ andk~ is a
test field coupling to M,. From (5) and (6) the
stiffness of transverse magnetization modes at

q is given by

[y~~(q)] '= n —4m +ymq'+ 4w/(1yq'X2). (

The maximum of y»(q) occurs at qo, where

q
2 (4~/ 2y2)1/2 y 2 (8)

X '(q, ) = n —4m[1- (1/4~)"'y/X].

As n decreases, y '(q, ) vanishes at a tempera-
ture we shall call T,(l(l). This signals a possible
transition to a state of uniform lgl and oscillatory
long-range magnetic order. T,(I/I) is given by

[T —T (I(I)]/T = 4w (y/A)/(n + 4v). (10)

The most stable configuration below T, must
be circularly polarized, as it keeps M' constant
and therefore minimizes M~. The free energy of
this spiral state is

F(l(I) =-y '(q, )/4P+~zal(l'+gblgi'.

The minimization of F, with respect to I(l is best
done numerically, especially when the q's cannot
be ignored. We shall comment on the g's later;
for situations of present interest they serve only

to renormalize the parameters in what are essen-
tially electromagnetic effects. Ignoring them,
we obtain an estimate of I', by using the unper-
turbed value for i/I:

The latter state is locally stable with respect to
fluctuations in Igl because A increases with the
size of the system when B is uniform. For situ-
ations of present interest, viz. , T -1 K, e, is of
order unity, so that T 0» T '.

We now consider states of uniform Igl with var-
iableM(r) andA(r). From Eq. (1) we find, for a
given transverse component of Jt/I and B,

(n —4m)' T, —T ' ' a'
4P T 0 4b' (13)

If the inequality is not satisfied, the spiral state
is favored in a small temperature region below
T„at lower temperatures the uniform magnetic
state is again favored. A schematic comparison
of the free energies of the three states is given
in Fig. 1.

To sum up, the mean-field results give a first-
order transition from the superconducting state
to the uniform magnetic state if the inequality
(13) is satisfied. For smaller IT, —T Ol, a sec-
ond-order transition to the spiral state is indi-
cated followed by a first-order transition to the
uniform magnetic state. For a reasonable choice
of parameters the temperature region in which
the spiral state is favored is very small, if it
exists at all.

There are two important physical aspects to
the spiral state. First, the electromagnetic ef-
fects provide an effective self-interaction energy
for magnetism at finite q. This energy, obtain-
able directly by eliminating B, from Eqs. (5) and

(6), is

[ —2~+ 2~/(l. + Xmq')]M, '.
This, together with q'y'M, ', the magnetic stiff-
ness energy, leads to magnetization being fa-
vored at q of the order (yX) ~'. Second, A' is
bounded in the spiral state (as opposed to the
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vored over the superconducting state at some
temperature below' T . The uniform magnetic
state is also favored over the state of spiral mag-
netism over the entire temperature range below
T 'if

F, = —y '(qo)/4P —a'/4b, T(T,. (12)

The actual value of Ig I will be somewhat lower
than the unperturbed value, and therefore (12) is
a lower bound.

Now we compare the free-energy expressions
(2), (3), and (12) for the three states. Since a'/
4b is of order k, 'T,'/FzV as T-0, whereas n'/4p
is of order k, T '/ V as T-0 (V is the volume per
atom), the uniform magnetic state is always fa-

FIG. 1. Schematic variation of the difference in
mean-field free energy between the normal state and
the superconducting state, the ferromagnetic state,
and the magnetic spiral superconducting state. The
last is shown as stable in a small temperature interval
in the figure, but would not be so for a smaller T,.
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state of uniform magnetization), so that super-
conductivity is preserved, though at a reduced
value of Ig I.

The situation we discuss is quite distinct from
that considered by Anderson and Suhl. ' They
were interested in cases with strong exchange
coupling between spins and conduction electrons,
and especially in dilute spin systems. This leads
to large values of the q's and of o.c/4v. We are
particularly concerned with cases where the ex-
change interaction is weak, as indicated by co-
existence of superconductivity with concentrated
local moments and by low Curie temperatures.
This leads to small values of the q's and of oo/
4m. The situation becomes particularly favorable
when the superconductor has a very short coher-
ence length, further reducing q2. Our treatment
is then valid when o. and y' arise from weak Rud-
er man-Kittel-Kasuya- Yosida interactions and/or
local-field effects, the long-range dipolar inter-
action, of course, being described by the inter-
action with the magnetic field.

With (5) and (6) it is also possible to discuss,
to a first approximation, the fluctuations about
the mean-field result. First we note that y»,
which is measured by neutron diffraction, peaks
at qs' = n /(y'X'q, '), which can also be written

a- [(4.) -y/~]
qB qP + 2 2 2 (15

ykqp

q, are the roots on the positive imaginary axis.
q, is a cutoff wave vector of the order of the in-
verse zero temperature coherence length. Equa-
tion (16) is derived for q; ) q,. For the general
case a somewhat more complicated expression
results.

In Fig. 2, &Ei& is plotted for y/X = 10 a and q, X

=10, and for I/ I at its unperturbed value. We
ave also plotted gy'~I for an ordinary ferromag-

netic transition, i.e., I( I =0, with the same ap-
proximations as above. The comparison of the
two curves reveals the tendency of the supercon-
ductor to expel the magnetic fluctuations and of
the latter to decrease I(I. A noteworthy feature
of Fig. 2 is that a specific-heat bump is predicted
to occur above T„c (and therefore above the first-
order transition temperature). With the specified
parameter, the entropy density under this bump
can be estimated from Fig. 2 to be about 10 'k, /
y'.

Turning now to real materials, first-order su-
perconducting-to- ferromagnetic transitions have
been observed in HoMo, Se, (Ref. 7) and ErRh, B,.'
A specific-heat bump of the kind described here
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Thus abov 7.'H~ XBB p aks at a finite wave number
which gradually deviates from q,. The possible
instability toward the spiral state can thus be ob-
served experimentally by studying the q depen-
dence of the critical scattering above the (first-
order) transition.

The fluctuations make an interesting contribu-
tion to the free energy, which can be detected
through a specific-heat experiment. We can cal-
culate the contribution of the fluctuations to the
free energy by a straightforward extension of the
procedure of Halperin, Lubensky, and Ma' to in-
clude fluctuations of M as well as A.. The result
of this calculation is that the fluctuation contribu-
tion to the free-energy density relevant, say, to
specific heat is

kB& 3, 2m Im(q')
&Fig =

6 a D-aq, q, ')+ ~, , „, (16)
t w Im(q, '+q, ') '

I I

T -4
S

---2 5

I

12

m]/ Tm x 10

where the q s are the roots of X '(q) =0 and
where the first line applies when the roots are
not pure real or imaginary, in which case q is
the root in the first quadrant; the second line ap-
plies if the roots are pure imaginary and q, and

FIG. 2. The contribution to free-energy density of
the fiuctuations above T, calculated from Eq. (16) for
IQ1 at its unperturbed value, y/A. = 10 ~, and q, & = &0.
Also shown is the free-energy density for I/i =0. Our
approximation for AI"

g~ is not good. very c1ose to Z', .
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has been seen above the first-order transition in
ErBh4B4. ' In the same compound preliminary in-
elRstic neutron scRtterlng has verlf led that
}(»(q) peaks at a finite value of q as predicted
here.
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Energy distributions of electrons ejected from clean and CO-covered Pd(111) surfaces
by impact with metastable He* 2'S (excitation energy E*=20.6 eV) and 238 (E*=19.8 eV)

atoms were measured. The operation of the Penning mechanism, viz. , He~+A —He+A+

+e, is demonstrated for adsorbed CO whose valence orbitals could be identified. There-
by a new surface spectroscopic technique with extreme sensitivity to the outmost atomic
layer is established.

Electron emission of metastable excited noble-
gas atoms with clean and adsorbate-covered
metal surfaces has been studied several times
during recent years. The results, however,
were often contradictory; the mechanism could
not be established and almost no information on
the surface properties could be obtanied. ' ' If,
on the other hand, gaseous atoms or molecules
are used as targets, electron ejection takes
place through the Penning ionization (= Auger de-
excitation) process, viz. ,

He*+A -He+A'+e

which has been well explored, both experimental-

ly' and theoretically. ' Similar conclusions were
reached with condensed aromatics. '" The kinet-
ic energy of the emitted electrons, E„, is then
simply determined by the excitation energy of
the metastable atom, F.* (=20.6 eV in the case of
2'S He), by the ionization energy of the target,
E;, and by the interaction potentials between the
excited- and ground-state noble-gas atom with
the target, V*(R) and V(A), respectively. In the
case of "hard core" interactions the variation
with distance of the latter contributions becomes
rather small so that F,. may be easily derived in
a manner similar to ultraviolet photoelectron
spectroscopy (hv = 21.2 eV for He 1 radiation). In
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