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EXCHANGE SPLITTING OF THE GROUND STATE OF Ni + IONS
IN ANTIFERROMAGNETIC MnF„KMnF„AND RbMnF,

L. F. Johnson, R. E. Dietz, and H. J. Guggenheim
Bell Telephone Laboratories, Murray Hill, New Jersey

(Received 4 May 1966)

In earlier papers fluorescence from divalent
nickel ions in the nonmagnetic crystals MgF„
ZnF2, and KMgFS was reported. '& The fluo-
rescence consists of a group of strong and nar-
row zero-phonon lines, representing magnet-
ic dipole transitions between the 3T, first ex-
cited state and the A, ground state of the Ni'+

ion, accompanied by a broad vibronic sideband.
Optical measurements have now been extend-
ed to Ni'+ ions in the antiferromagnetic hosts
MnF» KMnF~, and RbMnF~. The principal
results can be stated briefly as followss: (1) At
low temperature the ground state, 'A„of Ni'+

is observed to be split by the exchange field
of the magnetically ordered host. (2) The split-
tings of some of the sidebands agree with the
zone-boundary magnon frequencies determined
by neutron scattering. (3) Very efficient en-
ergy transfer from the host Mn'+ ions to Ni'+

ions is observed.
Evidence for exchange splitting of the Ni +

ground state in KMnF3 is given by the emission
spectra shown in Fig. 1. The ground state of
the Ni'+ ion, 'A„consists of a spin triplet
and an orbital singlet. If exchange interactions
between Ni'+ and ordered Mn'+ spins were neg-
ligible, then the ground state should be essen-
tially unsplit, since KMnF~ is cubic, or near-
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FIG. 1. Emission spectra of Ni (0.01%) in KMnF3
at 4.2 and 20'K.

ly so.~ %e note, first, that three lines at 6479,
6225, and 5956 cm ' are quite narrow and prom-
inent in the spectrum at 4.2'K. Second, two
additional lines appear in the 20'K spectrum
each displaced by the same amount (-15 cm ')
to the high-energy side of the lines at 6479
and 6225 cm '. Third, the 15-cm ' splitting
in the higher energy doublet (near 6500 cm ')
is also seen in absorption at 1.6'K. Therefore,
the two temperature-dependent lines arise from
an emitting state slightly above the emitting
state for the 4.2'K spectrum. Of greater sig-
nificance, however, is that the presence of
the two temperature-dependent lines implies
that the transitions at 6479 and 622 5 cm ' both
represent zero-phonon, zero-magnon transi-
tions to the SA, state of the Ni'+ ion, i.e., the
ground state is split by the exchange field aris-
ing from ordered Mn'+ spins. (It would be dif-
ficult to account for the observed intensity ra-
tio of the two temperature-dependent lines if
the two lines near 6225 cm ' were vibronic
sidebands of the two lines near 6479 cm '.)
Since such an interaction would completely
remove the spin degeneracy, the third prom-
inent line is assigned to the third spin compo-
nent of the Ni'+ ground state. The transitions
identify the states according to Mg, the com-
ponent of spin along the direction of magnet-
ization. Our choice of sign for the I+1) states
is arbitrary. Behavior similar to KMnF, is
observed for cubic RbMnF, . In uniaxial MnF,
the additional temperature-dependent lines
are not seen, there being only one emitting
state up to 20'K, but transitions to the IMg)
states are strongly polarized (Fig. 2), to I+1)
with v polarization and to IO) with o. At 77'K,
the spectra are very broad and almost feature-
less. There is some structur'e near the tran-
sition to Mg = 0, but none around the transitions
to M~=+1. Furthermore, emission near I-1)
is very weak. Ne suggest that at this temper-
ature (above the Noel temperature for MnF, )

the exchange field has vanished, and the lev-
els of the Ni'+ ground state have collapsed about
MS=0.

An energy-level diagram showing the lowest
levels of Ni'+ in the ordered state of the three
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FIG. 2. Polarization of the emission from ¹i2+
(0.2%) in MnF& at 1.5'K.

compounds is given in Fig. 3. Assuming an
isotropic exchange interaction of the form

~ 2+-2JS~ ~ S&, where S&=1 for Ni'+ and 8&=2 for
Mn'+, values of the exchange integral J&n Ni
were computed from the splittings shown in
Fig. 3. %e have assumed that interactions
are important only between Nia+ and the six
nearest Mn'+ neighbors in the perovskite com-
pounds, and the eight second-nearest neighbors
in MnF, . The resulting values for J]gn Nj are
compared with corresponding values for JMn Mn,
obtained from neutron scattering, in Table I.
The neglect of first-nearest-neighbor interac-
tions in the case of MnF, possibly accounts
for its relatively lower value of J'1Vfn N;/Z~n ~n.
The figures for KMnF, and RbMnF, may be
compared with an exchange integral of 9 cm
for a Ni'+-Mn'+ pair in KZnF» and to a val-
ue of 8.2 cm ' from measurements of the para-
magnetic Curie temperature. ' Our experiment
does not permit us to deter mine the sign of
JMn Ni', however, a negative sign is obtained
for Ni-Mn pairs in KZnF, .'

Vfe should also point out that, with the iden-
tification of the exchange-split electronic tran-
sitions, the splittings of some of the sidebands
from these zero-phonon lines are identical
to the zone-boundary magnon frequencies de-
termined by inelastic neutron scattering. For
example, the magnetic dipolar portion (labeled
M in Fig. 2) of the sideband of the transition
to the I+1) state of Ni'+ in MnF2 is split from
this transition by 55 cm ', the energy of the

MnF2 Rb MnF3 KMnF3

FIG. 3. Energy level diagram for the lowest levels
of Ni + in MnF&, KMnFS, and RbMnF3. The ground-
state components are labeled by Mg, the component
of spin along the direction of magnetization.

TaMe I. Exchange integrals for -2 JSz S& interaction.
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zone-boundary magnon in the (001) direction. '
This may be compared with the electric dipole
absorption recently identified as a magnon side-
band of an intrinsic optical excitation of MnF, .'

Finally, energy transfer from Mn + to Ni +

ions is readily seen in the excitation spectrum
for Ni' emission. An absolute measurement
shows the fluorescence quantum efficiency to
be essentially unity when exciting the lowest
three Ni'+ bands around 0.65, 0.8, and 1.4 p, .
However, the strongest pump band for Ni +

emission is the T, of Mn'+ at about 0.52 p, .
For a 1% Ni'+ concentration, this band is also
nearly 100% efficient in producing Ni'+ emis-
sion (the total emission intensity from the T,
band of manganese" ' is diminished by more
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than two orders of magnitude by the presence
of 1% ¹'+ions). Ni'+ emission may also be
excited through the Mn'+ bands near 4300 A,
but these are superimposed on a 'T, band of
¹i'+. Particularly interesting is the fact that
the efficiency of Mn'+-Ni + energy transfer
is high even for very low Ni'+ concentration.
For example, in MnF, containing 15 ppm Ni'
ions, the quantum efficiency for Ni + emission
is about 30% at 4.2'K when exciting the 'T,
band of Mn'+. To illustrate this figure some-
what differently, consider a sphere about each
Ni'+ ion such that all Mn'+ ions within the sphere
transfer their excitation to ¹i'+, while those
outside do not. The radius of the sphere so
calculated for MnF, containing 15 ppm Ni +

ions is about 60 A. These findings indicate
that energy transport between Mn'+ ions is
extremely long range, just as suggested pre-
viously for nickel compounds. '

We are grateful to C. G. B. Garrett and G. K.
Wertheim for several helpful suggestions on
the manuscript.

L. F. Johnson, R. E. Dietz, and H. J. Guggenheim,
Phys. Rev. Letters 11, 318 (1963).

R. E. Dietz, L. F. Johnson, and H. J. Guggenheim,
in Physics of Quantum Electronics, edited by P. L.
Kelley, B. Lax, and P. E. Tannenwald (McGraw-Hill

Book Company, Inc. , New York, 1966).
3A brief account of some of these results has been

given: L. F. Johnson, R. E. Dietz, and H. J. Guggen-
heim, Bull. Am. Phys. Soc. 10, 1193 (1965).

O. Beckman and K. Knox, Phys. Rev. 121, 376
(1961).

Strictly speaking, the transition to M~ = 0 would be
expected to shift due to the disappearance of exchange
splitting in the excited state. Since the frequency of
this transition is approximately the same above and
below the ordering temperature, we conclude that the
effect of exchange on the emitting state is small.

The exchange integrals were computed from the
average splitting of the )+1) states from )0). The
slight asymmetry in these splittings (-3-4%) may be
explained, at least in part, by the contribution of trans-
verse components of the exchange field (A. Misetich
and R. E. Dietz, to be published).

~J. Ferguson, H. J. Guggenheim, and Y. Tanabe,
Phys. Rev. Letters 14, 737 (1965).

T. Hashimoto, J. Phys. Soc. Japan 18, 1140 (1963).
SG. G. Low, A. Okazaki, R. W. H. Stevenson, and

K. C. Turberfield, J. Appl. Phys. 35, 998 (1964).
R. L. Greene, D. D. Sell, W. M. Yen, A. L. Schaw-

low, and R. M. White, Phys. Rev. Letters 15, 656
(1965).

~~D. D. Sell, R. L. Greene, W. M. Yen, A. L. Schaw-
low, and R. M. White, J. Appl. Phys. ~37 1229 (1966).

J. T. Randall, Proc. Roy. Soc. (London) A170, 272
(1939).

W. W. Holloway, Jr. , M. Kestigian, R. Newman,
and E. W. Prohofsky, Phys. Rev. Letters 11, 82 (1963).

ZERO-BIAS ANOMALIES IN NORMAL METAL TUNNEL JUNCTIONS

J. M. Rowell and L. Y. L. Shen
Bell Telephone Laboratories, Murray Hill, New Jersey

(Received 20 May 1966)

We have investigated the current flow through thin chromium-oxide layers from 1'K to
290'K. We believe that current flows by means of a tunneling mechanism, but the depen-
dence of the dynamic resistance of the junction on voltage and temperature is completely
anomalous in terms of expected tunneling behavior. Some new results on other metal-ox-
ide junctions strongly suggest that properties of the oxide layer are responsible for the
anomaly observed by Wyatt in tantalum oxide junctions.

We have investigated the current flow through
thin chromium oxide layers from 1 to 290 K.
We believe that current flows by means of a
tunneling mechanism, but the dependence of
the dynamic resistance of the junction on volt-
age and temperature is completely anomalous
in terms of expected tunneling behavior. The
dynamic resistance at zero bias increases with
decreasing temperature approximately as log(1/
T) and, at fixed temperature, depends on volt-
age as log(l/V). In contrast to previously re-

ported anomalies at zero bias, ' ' which were
of small magnitude and which were observed
only at low temperatures, the total current in
chromium oxide junctions appears to partici-
pate in the anomalous tunneling mechanism,
and the anomaly has been observed from 1'K
to room temperature. Some new results on
other metal oxide junctions strongly suggest
that properties of the oxide layer are respon-
sible for the anomaly observed by Wyatt' in
tantalum oxide junctions. In these cases, the


