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TmAs04 undergoes a cooperative Jahn-Teller distortion at 6,0 K. At & & 6 K there is a
temperature-dependent critical field B~ at which a cooperative distortion back to the high-
temperature phase occurs. For B & B~, the distortion directions in the basal plane are
the (110) and the (ITO) directions and are magnetically controllable.

Although the Jahn- Teller effect in the transi-
tion-metal ions in solids has been studied exten-
sively, ' there has been a paucity of such work on
the rare-earth ions. Five x'are-earth salts have
previously been reported to show Jahn- Te11er dis-
tortions, ' "and in each of those the direction of
the distortion can be controlled by a magnetic
field. ' ""O'" It has also been shown""" that
a magnetic field increases the Jahn-Teller tran-
sition temperature of those salts. %e report here
the results of an investigation of TmAsQ4, in
which the non-Kramers Tm" ion has a free-ion
ground state 'H, . TmAs04 does not order mag-
netically and it has rather unusual behavior. It
not only undergoes a coopexative Jahn- Teller dis-
tortion, but its distortion can be prevented by the
application of a magnetic field along, or in the
vlcinltjj of ille tetragonal axle. To t11e best of
our knowledge such behaviox has not px eviously
been observed for any other salt.

Above the cooperative distortion temperature
TJ~, TmAs04 has the tetragonal zircon struc-
ture' with four molecules per unit cell, all mag-
netically equivalent. The symmetry is D,„",
The Tm ion-site symmetry is D2~ at tempera-
tures above TJT, and the Tm" ions lie on a
slightly flattened diamond lattice in which each
Tm" ion has four magnetic nearest neighbors at
a distance of 3.83 A.

%e have measured the ac magnetic susceptibili-
ty g of TmAsO~ in zero field in the temperature
range 0.3 to 20 K. The y measured paxallel and
perpendicular to the tetragonal axis for T & 6 K
is just that of an ordinary paramagnetic salt with
a large g~~ but a consi.derably smaller gj. For T
&6 K, X is independent of temperature. This in-
dicates that the ground state for T & 6 K is a sin-
glet, whereas that for T&6 K is at least a doub-
let.

The optical spectra were measured between 1.1
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FIG. 3. The paraGel Zeeman effect in TmAsO& for
an optical transition from the tm'o low'est levels to a
~64 at 4.2 and 1.5 K,

and VV K and in applied magnetic fields 8 of 0-36
kG." For T & 6 K the spectra showed that the
ground state was a doublet and that the first ex-
cited state, a singlet, was approximately 80 cm '
above. The Zeeman patterns taken at T ~6 K in-
dicated tetragonal symmetry wit g~t = 8.8+ 0.2
and g~=5. 5~0.5 for the ground-state doublet (tak-
ing the effective spin 8'= —,'). For T «6 K the
doublet split symmetrically into two singlets
whose separation varied with temperature,
reaching a value of 9.1+0.1 cm ' at 1.1 K. The
transition temperature at which the doublet split
into two singlets was estimated to be 6.1~0.3 K.
The Zeeman patterns taken at T &6 K are rather
unusual. A typical example in which 8 was ap-
plied along the tetragonal axis is shown in Fig. 1.
At fields greater than some "critical" field,
which is a function of temperature, the two low-
est levels divex'ge linearly with field with gt~'= 9.8
+0.2 for the lower. The g value for the second
singlet could not be determined since that level
became depopulated as the region of linear diver-
gence was reached. It is not clear why g~t' is
larger than g~~ but it may possibly be as a x esult
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of slightly different values of the crystal-field
parameters although the symmetry of the crystal
field itself is the same. The angular variation of
g', away from the direction which was the high-
temperature tetragonal axis, was symmetrical
with g' a maximum along that axis.

The spectra for B applied in the basal plane
showed no strictly linear behavior and no "criti-
cal" field for 8 &36 kG, the highest field attain-
able, although the curvature in the region of 25-
36 kG was small. Both singlet levels decreased
in energy with increasing field in a manner which
can be accounted for by the admixing of higher-
lying levels. Taking the region 25 to 36 kG to be
sufficiently linear to determine the g factor for
the low'er level, its angular variation in the basal
plane was measured at 1.5 K. It had a v/2-rad
peridocity with g = 3.5 when B was applied per-
pendicular to a crystal face, and with g=6.0
when B was at an angle of ~/4 rad to the crystal
face. The angular variation in the basal plane
had a cusplike behavior such as that observed
previously in TbPO„" TbVO4, ' DyVO„and
DyAs04. " .This indicates that there is a sudden
change in the distortion direction and that the dis-
tortion direction prefers to lie at small angles
(n/4 rad or less) to the direction of the applied
field. The distortion directions in the basal plane
are the (110) and the (1IO) directions, the same
as that observed in TbVO„' but m/4 rad away
from that observed in DyAsO, "' and DyVO, .'
The angular dependence of the g factor in the
basal plane indicates that the symmetry of the
distorted phase is no higher than orthorhombic.

Measurements of dM/dB vs B were made in the
range 0.3-10 K using the ac-mutual-inductance
technique, where the ac measuring field and the
dc field were applied either parallel or perpen-
dicular to the tetragonal axis. Some typical re-
sults are shown in Fig. 2. These results show
clearly the dramatic changes in dM/dB at the
various critical fields which are those for the
cooperative Jahn-Teller transitions from the dis-
torted phase back to the undistorted tetragonal
phase. The critical field for the transition is a
very strong function of temperature.

Although the distortions in TmAs04 are static
in character, there must still be enough dynamic
distortion, even at 0.3 K, for the system to sam-
ple effectively the states available to it and then
transform into the lowest free-energy state of the
crystal. The states of the system that are sam-
pled are the Zeeman states and those due to the
cooperative distortion. That is, theme is a sam-
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FIG. 2. Curves of dM/dB vs B (8 parallel to the
tetragonal axis) in kilogauss for several temperatures.
The ordinate scale is arbitrary and the zero positions
of the different curves have been arbitrarily shifted for

4clarIty. The temperatures at which the various curves
were obtained were as follows: (1) & =1.13 K', (2) &
=4.19 K; (8) T =5.84 K; (4) T =5.69 K; (5) & =5.86 K;
(6) T=6.00 K and (7) T= 6.12 K.

pling as to whether the distortion which splits the
doublet, or the Zeeman splitting of the ground-
state doublet of the tetragonal phase, gives the
lower free energy for the system. The critical
fields 8, are just those values of the magnetic
field at which the system lowers its free energy
by distorting from the low-temperature phase
back to the tetragonal phase and going into the
Zeeman-split states of the tetragonal phase,
which have a larger splitting for higher fields
than for the distortion at that particular tempera-
ture. In fact, if one uses the measured g' value
and takes the value of B at which dM/dB has its
maximum slope, then one may calculate the split-
ting of the doublet due to the cooperative distor-
tion at that, temperature. The calculated splitting
may be compared with that determined optically.
Excellent agreement is found. For example, at
1.1 K, B, is 19.9 kG which corresponds to a
splitting of 9.1 cm ', which is precisely the value
determined optically in zero field at that temper-
ature.

The critical fields and, hence, the splittings
of the doublet are shown as a function of temper-
ature in Fig. 3. The temperature dependence is
as expected for second-order phase transitions
where the critical fields which are characteris-
tic of the transition are proportional to an order
paz ameter. The temperature dependence is sim-
ilar to that of the sublattice magnetization of anti-
ferromagnets and the spontaneous magnetization
of ferromagnets. It is well known that the molec-
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FIG. B. A comparison of the critical fields (and,
hence, the splittings of the two singlets), determined
experimentally by the measurements of dM/dB as a
function of 8 (8 parallel to the tetragonal axis), for the
cooperative Jahn-Teller distortion from the low-tem-
perature (probably orthorhombic} phase to the high-
temperature tetragonal phase with the predictions of
the molecular-field theory. The solid circles are the
data points, and the solid curve is the molecular-field
prediction.
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ular-field approximation describes such systems
in a qualitative way. In the molecular-field theo-
ry, the order parameter b./b, , for spin- —,

' sys-
tems is simply b/6, = tanh(T, &/T&, ) where 2T,
= 60, the splitting of the doublet in zero field at
zero temperature. The solid line in Fig. 3 is
that predicted by the molecular-field theory,
where it has been normalized to agree with the
experimental values at 0.4 and 6.00 K. The tran-
sition temperature predicted by the theory, with
the use of the measured value of D„ is 6.5 K,
however, and not 6.0 K. This is not surprising
since the molecular-field approximation general-
ly predicts a transition temperature which is too
high when the coordination number is not large,
because short-range order, or statistical-fluctu-
ation effects near T, are ignored. As may be
seen from Fig. 3, the fit of the theory after nor-
malization is in quantitative agreement with ex-
periment. This is to be contrasted with DyVO,
and TbVO4 where the fit was only qualitative.

Elliott et a/. "have derived a theory for the co-
operative Jahn-Teller distortions in rare-earth
systems based on a harmonic-oscillator Hamil-
tonian for the crystal and an electron-lattice

coupling which is small compared to typical pho-
non zero-point ener gies. The electron-lattice in-
teraction can be described by a Hamiltonian such
as HJT=+r;A 0; Q; containing couplings be-
tween symmetry-lowering strain operators Q;
and electronic operators 0; of symmetry I,
both operating on the ith rare-earth ion. A~ is
the coupling constant. The strain operators can
be transformed into phonon coordinates, and the
equations of motion for the coupled system can
be solved. If only the static aspects of the prob-
lem are considered, i.e., if the Q; are deter-
mined by only the static displacements of the
zero positions of the phonon coordinates, then,
as shown by Harley, Hayes, and Smith, "the
problem reduces to a simple molecular-field
type of theory, and the Q; become proportional
to the mean values of the electronic operators.
Then the effective molecular-field Hamiltonian
for a single rare-earth site becomes H J T f f
=Jr X (0 )0, where X is the molecular-field
constant. All the (0 ) are zero above TJT, but
below TJT the free energy of the system is low-
ered by a distortion such that at least one (0 ) is
nonzero. Since this is a molecular-field theory,
a second-order transition is predicted and, in-
deed, is what has been observed experimentally.

Our experiments have shown that TmAs04 is a
very interesting and rather unusual compound.
It undergoes a cooperative Jahn- Teller crystal-
lographic phase transition at 6 K from a high-
temperature phase of tetragonal symmetry to
what is probably an orthorhombic (either D, or
C,„) phase below 6 K. When a magnetic field is
applied, at T&6 K, parallel to or in the vicinity
of the high-temperature tetragonal axis, the dis-
tortion is removed at some critical field, which
is a function of temperature. The critical field
for the transition is that field at which the Zee-
man effect of the degenerate doublet would have
produced a splitting equal to the splitting pro-
duced by the distortion. There appears to be ex-
cellent agreement between theory and experiment.
When the field is applied perpendicular to the
tetragonal axis and to the crystal face at T &4.2
K, we observe no cooperative Jahn- Teller distor-
tion back to a tetragonal phase. This is as ex-
pected for our range of fields, however, since
B, is calculated to be 44. 1kG at 4.2 K. We do
observe a magnetically rotatable distortion in the
basal plane, however, which behaves similarly
to that observed previously in DyVG„4 TbVO„'
and DyAsO, ."' '

It wouM be interesting to study the strains pres-



VOLUME 27, NUMBER 22 PHYSICAL REVIEW LETTERS 29 NovEMBER 1971

ent in TmAs04 either by using Raman scattering
or by studying the effects of applied stress on its
magnetic and optical properties. An x-ray dif-
fraction study would be very useful for determin-
ing directly the crystal symmetry below 6 K.
Another very interesting experiment would be an
adiabatic nuclear demagnetization of '"Tm in
TmAs04, a Van Vleck paramagnet, in which full
advantage could be taken of the large electronic
moment with its large coupling to the nucleus
present at T &1 K in high magnetic fields.

*Present address: Harry Diamond Laboratories,
Washington, D. C.
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Photoemission energy distributions at high photon energies permit one-electron mea-
surements of the electronic energy leve1s and level widths of chemisorbed gases on clean
metal surfaces at fractional monolayer coverages. Chemisorbed CO on ¹iexhibits en-
ergy levels at 7.5 and 10.7 eV below the Fermi level EF while chemisorbed 0 on Ni
shows a 2-eV width level at 5.5 eV below EF. Upon increased oxygen exposure, a sur-
face oxide of ¹iis formed which exhibits valence bands about 8.5 eV wide.

Many studies have been reported on the config-
urations of adsorbed gases on surfaces and on
adsorbate binding energies; however, relatively
little work has been reported on the electronic
energy levels of such adsorbates. Techniques
which have been used include ion-neutralization
spectroscopy (INS)' and field-emission spectros-
copy. ' In this Letter we describe the applica-
tion of ultraviolet photoemission spectroscopy
(UPS) to measurements of electronic energy lev-
els of adsorbed gases on clean metal surfaces.
Chemisorbed CQ on Ni exhibits energy levels at
7.5 and 10.7 eV below the Fermi level EF with en-

ergy widths of about 2 and 1 eV, respectively.
We tentatively identify the —t.5-eV level with the
carbon lone pair o2P molecular orbital involved
in bonding to the Ni. Compared with gaseous CQ,
this level is shifted upwards in energy by about
1.5 eV (relative to the vacuum level). Likewise,
the —10.7-eV level is identified as the m2P bond-
ing molecular orbital of CQ and is shifted up-
wards by about 1.2 eV. Chemisorbed oxygen
shows a single level of width 2 eV centered at
5.5 eV below EF. As the oxygen exposure is in-
creased from about 1x10 ' Torr sec to 25~10 '
Torr sec, this —5.5-eV level broadens into a


