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by inelastic scattering of low-energy electrons.
Similar results (although corresponding to other

values) should be obtainable with any substrate
S

plus nearly-free-electron metal film which ex-
hibits a minimum in 4(Ns).

We are grateful to Conyers Herring for point-

ing out the connection between this work and that

of Smoluchowski, Ref. 8.
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Phonon-exchange pumping of nuclear magnon pairs in low-anisotropy flopped antiferro-
magnets is proposed and the effective threshold fields given. Although the electronic
sublattice magnetizations are driven, magnetoelastically, far below their resonance fre-
quency, the lower pump frequency compensates for the weakened dynamic coupling be-
tween nuclear and electronic magnons. The required phonon power density is thus low
and well within experimental reach.

When a sufficiently intense elastic wave of the
proper frequency propagates through an antifer-
romagnet, spin-wave pairs can be driven unsta-
ble because of coupling via the linear magneto-
striction. This method of excitation —related to
but different from photon exchange pumping' —is
of special interest because the sign of the torque
on each magnetic sublattice is opposite, giving
rise to an "optical-like" excitation that brings
the intersublattice coupling into play. Morgen-
thaler' has previously derived the thresholds for
phonon parallel pumping of electronic magnon
pairs in the unf lopped state with special attention
to RbMnF, . Although the thresholds are predict-
ed to be low, the pump frequency must be compa-
rable with twice the electronic resonances fre-
quencies —which for RbMnF, are typically in the
10-GHz range. Unfortunately, ultrasonic trans-
ducer fabrication in this range is not within the
current state of the art; this fact has inhibited
our experimental efforts to date. However, be-
cause the Mn" ions carry a nuclear magnetic
moment, the possibility exists of phonon pump-
ing nuclear magnon pairs (or one nuclear and

one electronic magnon) at a much lower frequen-
cy.

In this Letter we give the theoretical first-or-
der instability thresholds for such processes in
a flopped cubic antiferromagnet for the case of a
longitudinal phonon propagating parallel to the
equilibrium direction of the sublattice magnetiza-
tions. The threshold of purely electronic mag-
non pairs is included to allow comparisons. In
all three cases the excitation is via the exchange
interaction between the electronic sublattice
magnetizations and the pumping is thus maximal-
ly efficient. ' The threshold elastic powers re-
quired (roughly of the same order in the three
situations) appea, r to be very low for antiferro-
magnets with weak anisotropy and reasonable
magnon losses. The leading candidate appears
to be RbMnF, .

It has been shown by de Gennes et al. ' that nu-
clear spin-wave branches exist due to the Suhl-
Nakamura indirect interaction. The possibility
of excitation of nuclear magnon pairs by parallel
pumping with an rf field (photon parallel pump-
ing) has also been considered by them but the
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calculated threshold was found to be very high.
That process is not an "exchange pumping" but
rather pumping via the weak dipole-dipole cou-
pling which creates small ellipticity of spin-
wave precession. Ninio and Keffer4 have consid-
ered the simultaneous excitation of one electron-
ic and one nuclear spin wave by photon parallel
pumping of an unflopped antiferromagnet. Al-
though the calculated threshold for RbMnF, is
within experimental reach, the unf lopped configu-
ration has not been observed for RbMnF, and
seems to be unattainable. ' Hinderks and Rich-
ards considered the spin-wave excitation in the
flopped state by an rf field applied perpendicular
to the magnetizations and parallel to the dc mag-
netic field' and obtained the thresholds for the
various processes. Only magnon pairs which
are degenerate in k can be excited with photon
fields since energy and momentum have to be
conserved and the photon momentum is negligi-
ble.

We assume that a longitudinal elastic displace-
ment

p= j cos(&u t Er)-
(generated through piezoelectric transducers}
propagates parallel to the direction of the equilib-
rium magnetization with a velocity v, . This
wave generates an effective field, through the
magnetoelastic interaction, which is assumed to
act directly on the electronic sublattice magneti-
zations and only through the latter, indirectly,
on the nuclear magnetization vectors. The direct
nuclear-phonon interaction is assumed to be
small and hence is neglected. The nuclear mag-
netization vectors are thus coupled only indirect-
ly through a Suhl-Nakamura effective interaction.
The magnetization is assumed to consist of a
pair of traveling nondegenerate spin waves to-
gether with a dc component.

The equations of motion of the two spin waves
are

1k|'r 'Lfy'r i 'r
m e ' =A m e ' +Pm e

k, k, k, -k,
—2%2 ' r —2% ' r

m e ' A m e

the effective pump matrix.
The magnetization vectors include the electron-

ic and nuclear transverse components of the two
sublattices and therefore lead to eighth-order
vector equations. Ak includes contributions from
the Zeeman, anisotropy, and exchange energies.
These are the dominant terms for an antiferro-
magnet within the frame of the molecular field ap-
proximation. We specialize A& to the case of a
flopped cubic antiferromagnet although the formu-
lation of Eq. (2} is general. By first diagonaliz-
ing the Ak matrices (transformation into normal
modes which gives the four spin-wave branches)
and then using perturbation techniques, ' the
threshold for the three above-mentioned process-
es are calculated. The losses are accounted for
phenomenologically by introducing relaxation fre-
quencies qe(Qk, k) and qz(&uk, k) for the electron-
ic and nuclear spin-wave branches, respectively.

The magnon pair which is thus "exchanged
pumped" by the magnetoelastic wave has to satis-
fy the energy and momentum conservation condi-
tions

(d -(d +4), R —R +k
1 2 P

In the flopped state, if the two pumped magnons
are of the same kind (both electronic or nuclear),
they belong to the same spin-wave branch, con-
trary to the unf lopped state where the pumping is
across the gap. Magnons of different kind are
pumped only between associated electronic and
nuclear branches.

The effective threshold fields for the three pro-
cesses are given in Table I, where wex= spy 0&
is the exchange frequency; &+ is the unpulled
Mn" nuclear frequency; (d&= p.py H&, where HN
is the hyperfine field acting on the electronic sub-
lattices; and Qk and ~tk are the electronic and
nuclear spin-wave frequencies, respectively.

The spin-wave frequencies for a flopped cubic
antiferromagnet are

Q. =nfl. '+2K&v &u k'1"', (4)
ik ip ex M

2' (d
ex N

(d. =
GO 1-

2

1 r+Pm e
k,

(2)
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where mk and m „are the magnetization vec-
1tors with wave vectors E, and k, of amplitudes k,

and k„Ak, and A k, are the linear resonance
matrices of the spin-wave spectrum, and P is

where X is the effective exchange constant and

M = p.ppe M M being the electronic sublattice
magnetization. Atp and cutp are the uniform (k
=0) antiferromagnetic electronic and nuclear res-
onances which were given by Freiser et al. ' and
de Gennes, ' respectively.
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Table I. Effective threshold fields for the phonon parallel pumping of various mag-
non pairs in a flopped antiferromagnet.

Process

Excitation of an electronic
magnon pair of frequencies

tiki and Q,k2 i= $,2

Phonon frequency and momentum

kp = k)+ k2

topi ~ ikl +~ ik2

eff
Effective threshold field, h&

I/2 I/2
z ['9e(nik~ 'ki) ~I(nike "2)] [nikinikz]

8o 7e ~ex

Excitation of one electronic
and one nuclear magnon of

frequencies

Qik, and to,k2 i =1,2

kp =kI +k2

o pi ~ ikI + & ik 2

t
I/2 I/2

~e(~ik1 'ki) Qn (wik2, k2 } 2QikI tuik2 tiki ~lk2

Q I/2
fto 7e ex ~HF ~ex "Nj

Excitation of a nuclear

magnon pair of frequencies

adik& and cdik2 I = 1,2

kp=kt+k2
&pi - Iuik& + &ik2

[
g I/2

I 1I/2 2 2
7In (tuikq, kq ) gn ( tL)ikZ, k2)J ~L)ikI tL'ik2J ikz ik2

2 2
po 7e &ex &HF &N

P=-,'cv (k p )',
1 p 0 (6)

where kpp0 is the critical strain which is related
to the effective phonon threshold field h

k p =gMh /b.
eff

C
(7)

b and c are the appropriate magnetoelastic and
elastic constants, respectively.

Extensive studies of both the electronic and nu-
clear k =0 modes for the dc magnetic field Hdc
applied in various crystallographic directions
have been recently carried out in this laborato-
ry." At 4.2'K, co&+-686 MHz and the nuclear
modes lie in the uhf region with lowest observed
frequency of 280 MHz. This frequency occurs at
the spin flop point when a field of -2400 Oe is ap-
plied along a (100) axis. Thus for wave numbers
less than 10' cm ', excitation of a nuclear mag-
non pair should be possible in the frequency
range 560-1300 MHz. The electronic modes lie
in a much higher frequency range with lowest ob-
served frequency of 5.5 GHz for the same condi-
tions of Hdc as above. Thus excitations of an
electronic magnon pair should occur at the fre-
quency range 11-20 GHz and one electronic and
one nuclear magnon in the range 6-11 GHz. At
elevated temperatures the low-frequency limit
for the excitation of an electronic pair should be
significantly lower, as low as 7 GHz. For the
pumping of a nuclear magnon pair, raising the
temperature increases the threshold because of
the 1/T dependence of &o& and because of the in-
creased losses, and it is not believed that nucle-
ar magnons can be observed above -10'K.

The threshold power density for a traveling
phonon wave is given by

Using published data" &' and a,ssuming for the
relaxation frequencies those values which give
rise to the full observed antiferromagnetic-reso-
nance linewidth, the theoretical threshold power
density has been calculated from Table I and for-
mulas (6) and (7). For a wide range of Hdc, pho-
non pump frequency, and temperature, the thresh-
old power density is between 100 and 1000 mW/
cm', values which can be easily obtained by us-
ing piezoelectric transducers. Although attenua-
tion measurements of sound wave propagation at
high frequencies (500 MHz and above) in RbMnF,
have not been made, it is not expected to be so
high as to prevent the excitation of magnon pairs
discussed in this Letter. Phonon parallel pump-
ing experiments (in the sense specified in Ref.
7!)are now in progress in this laboratory.

*This research was supported by the Advanced Re-
search Projects Agency under Contract No. SD-90.
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~We wish to register a mild note of protest concern-
ing the terminology "parallel pumping" which these
authors use to describe their experiments. It seems
to us that the situation in an antiferromagnet which is
analogous to parallel pumping in a ferromagnet occurs
when the pump is parallel (or nearly so) to the equili-
brium magnetizations because then the linear suscepti-
bility due to the pump vanishes. We feel that usages
should be restricted to this case whenever the dc field
and the magnetizations are not collinear (as in the
flopped configuration).
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It is shown that the ion-neutralization spectroscopy determines the orbital energy

spectra of surface molecules formed of adsorbed foreign atoms and surface atoms of the

substrate. For free molecules such a spectrum yields information concerning molecular

symmetry and structure as well as ionicity within the molecule. Using also measured

work-function change in adsorption, specific conclusions are drawn concerning 0, S,
and Se adsorbed in p(2 && 2) and c(2& 2) arrangements on Ni (100).

In surface physics and chemistry we have not
to this point possessed sufficiently powerful ex-
perimental methods to determine the local sym-
metry and molecular structure in which foreign
atoms are adsorbed on solids. In its present
state of development, low-energy electron dif-
fraction determines only the symmetry of the pat-
tern in which the local structure or surface mole-
cule repeats itself over the surface. Work-func-
tion change on adsorption yields an important pa-
rameter but its value depends both on ionicity
and structure. In this Letter we demonstrate
that the ion-neutralization spectroscopy' deter-
mines the orbital energy spectrum of electrons
in surface bonds whose form and energy position,
for certain systems at least, enable us to draw
specific conclusions about the structure and sym-
metry of the local molecular arrangement. We
present experimental results and conclusions for
0, S, and Se adsorbed in p(2x2) and c(2 &&2) ar-
rangements on Ni (100}.

The orbital energy spectrum is determined by
means of the ion-neutralization spectroscopy dis-
cussed extensively elsewhere. ' The method de-
termines a function U(r), called the transition den-

sity, which includes both state density and tran-
sition probability factors. & is the energy mea-
sured positively downward into the filled band
from zero at the Fermi level. When a foreign at-
om is adsorbed on a surface, the transition prob-
ability of the Auger process is enhanced at the en-
ergies of the orbitals of electrons in the surface
bonds. The orbital energy states which lie in the
energy range of the allowed states of the solid be-

come broadened resonances or virtual states.
States lying outside (below} the allowed range in

the solid are broadened by the effect of molecular
vibration on orbital energy and by lifetime and
other effects having to do with the ion-neutraliza-
tion process. We expect such states to be sharp-
er than the resonances or virtual states.

In Fig. 1 are shown the transition-density func-
tions obtained for clean Ni (100), curve 1, and

for this surface with p(2x2) and c(2 &&2) surface
arrangements involving X—= 0, S, or Se, curves
2, 2' to 4, 4'. We note first that the Ni d band, to
be seen just below the Fermi level (f =0) in curve
1, is drastically reduced in intensity in curves 2,
3, and 4, which correspond to a half-monolayer
of the adsorbate X, and somewhat less so in
curves 2', 3', and 4' which correspond to a quar-
ter-monolayer of X. This reduction in d-band
intensity is direct experimental evidence that the
ion-neutralization process is sensitive to wave-
function magnitude in the surface layer of the sol-
id primarily. The U(g) functions in Fig. 1 are
shown by a dashed line in the energy range () 9
eV because for several good reasons the data are
not accurately reproducible here. However, the
presence of a peak in this region in curves 3 and
4 and its absence in curves 3' and 4' is a repro-
ducible experimental conclusion.

The structure which appears in curves 2, 2' to
4, 4' of Fig. 1, not including the residual Ni d-
band peak, is taken to be the molecular orbital
energy spectrum of the electrons in the bonds of
what may be called surface molecules formed of
the adsorbate atom and atoms of the first layer
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