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Observation of a hybridization energy gap in mixed-valent TmSe

S. M. Shapiro and B. H. Grier
Brookhaven National Laboratory, Upton, New York 11973

(Received 27 October 1981)

Inelastic neutron scattering studies have been performed on single crystals of TmSe. An exci-
tation at tee —10 meV is observed whose momentum, temperature, and sample dependences
provide evidence that this spectral features is due to an excitation across a hybridization gap in

TmSe.

An important parameter in all discussions of the
mixed valence problem is the quantity 8 =—Ef —EF
which is the location of the 4f level relative to the
Fermi level, EF.' Many of the descriptions of the
mixed valent state assume that 5 is small or zero
which implies that the f level is very close to or at
the Fermi level. ' If the symmetry is appropriate,
there is an interaction between the localized f level
and the bandlike conduction electrons and a hybridi-
zation gap develops in the electronic structure (see
inset in Fig. 1). This was first proposed by Mott' in
1973 and expanded upon by Martin and Allen. Its
existence has been postulated to explain the increase
in the low-temperature resistivities observed in SmB6,
SmX (X =S,Se, Te), and TmSe. ' The effects of hy-
bridization are manifested more clearly in these com-
pounds since the only conduction electrons present
are those originally from the 4f shell. Recent tunnel-
ing and infrared studies on SmB6 indicate that a gap
in the 5—8-meV range exists in SmB6.

In this Communication, we report the direct spec-
troscopic observation of a hybridization gap in a sin-

gle crystal of TmSe by inelastic neutron scattering. '
The gap is observed as a peak in the inelastic spectra
at @co =10 meV. The energy, temperature, and
momentum dependences are all consistent with the
recent calculations by Fedro and Sinha, 9 who predict-
ed the neutron scattering cross section of such an ex-
citation.

The experiments were performed on a single crys-
tal of TmSe which was previously used to study the
magnetic ordering in this compound. ' The lattice
parameter at room temperature is a =5.714 A and
the material orders in a type-I antiferromagnetic
structure at T~ =3.2 K with a moment of 1.7p, g.
These properties indicate that we have a
stoichiometric sample of TmSe. The inelastic neu-
tron scattering measurements were performed on a
three-axis spectrometer at the Brookhaven High Flux
Beam Reactor. Because of the small sample size
(-25 mm') relatively coarse resolution was used.
We operated with a fixed final energy of 24.0 meV
and a collimation of 40' throughout the instrument.
This gave an energy resolution of SE =2.0 meV at

zero energy transfer increasing to SE =2.7 meV at
10-meV energy transfer.

The inelastic spectra of TmSe measured at T =4.6
K for several q values along the [q00] direction are
shown in Fig. 1. The intensity is clearly a maximum
at Q = (l, 0, 0), the zone boundary and decreases to
about —, of its value at the zone center, Q = (2, 0, 0).
The decrease due to form factor only accounts for
25% of the intensity change. There is about 2-meV
dispersion of the frequency throughout the Brillouin
zone. A similar behavior was observed along other
symmetry directions.

The temperature dependence of this excitation is
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FIG. 1. Spectra of TmSe measured at T =4.6 K for dif-

ferent values of q along the Iq00] direction. The inset is a
schematic form of uncoupled f and d bands (solid lines) and
the result when they are coupled giving rise to a hybridiza-
tion gap b, .
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shown in Fig. 2 measured at Q = (1.25, 0, 0) which is

4 of the way to the zone boundary. An attempt has
3

been made to subtract the elastic background by tak-

ing the intense resolution limited signal at leo =0
measured at T = 50 K as the nonmagnetic back-
ground. The temperature dependence is very similar
to that measured on a polycrystalline sample by
Loewenhaupt and Holland-Moritz. A sharp inelastic
peak is observed at lower temperatures which
broadens on heating and for T & 50 K is indistin-
guishable from a quasielastic peak centered at Aeo =0.
In Ref. 8, a finite linewidth was reported at low tem-
peratures but our observations on the single crystal
show that the peak is resolution limited and any in-

trinsic broadening is estimated at less than 0.5 meV
(half width at half maximum —HWHM). The 2-meV
H%HM observed on the polycrystalline sample arises
from the dispersive nature of the excitation.

Cooling the sample below T~ =3.2 K has no
measurable effecLs on the inelastic peak at 10 meV.
Another mode appears "at lower energies. This
mode is most likely the antiferromagnetic magnon
since its frequency tends toward zero as we approach
the magnetic zone center. Unfortunately, the signal
was too weak to probe this excitation in detail. A

larger crystal is needed.
An additional experimental characteristic is the

dependence of the 10-meV excitation on sample
stoichiometry. Many of the properties of TmSe, in-
cluding the valence, are strongly dependent upon the
stoichiometry of Tm„Se.""For x & 1, the Tm
valence increases toward 3+. Figure 3 shows the
spectra of Tm„Se measured at the zone boundary for
two different values of x. The top portion is mea-
sured for x =1.0 and discussed above. The room-

0
temperature lattice parameter is a =5.714 A. The
lower portion was obtained for a larger crystal with
a =5.690 A. This converts to x =0.99 using the
results of Ref. 12. It is clearly seen that the peak is
much broader in the sample that is Tm deficient than
the stoichiometric sample. Inelastic studies already
published' on a sample with a = 5.645 A (x =0.90)
show no evidence of any well-defined excitation but
only a broad peak centered around tee =0.

An interpretation of this excitation as a crystalline
electric field excitation does not seem appropriate.
First, the energy is much too large to be due to
crystal-field splitting of the ground state of the Tm
ion. It is almost four times the I ~-14 splitting ob-
served in TmAs, a compound with the same struc-
ture and almost identical lattice parameter. " It is
about 10 times larger than the value estimated from
the magnetic field dependence of the ordering at low
temperatures. ' Secondly, the large variation of in-
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FIG. 2. Temperature dependence of the inelastic spectra
of TmSe measured at several temperatures. A constant
energy-independent background has been subtracted plus a
resolution-limited elastic part measured at T =50 K.

FIG. 3, Inelastic spectra measured for two samples of
TmSe at low temperature. The top portion is for Tmt cSe
and the lower is for Tmc99Se ~ The concentrations were
determined by the room-temperature lattice constant.
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tensity within a given Brillouin zone is inconsistent
with the expected behavior of a crystal-field excita-
tion in rare-earth based systems. Thirdly, other exci-
tations should be present due to the splitting of the
orbital degeneracy and none has been observed. '
Finally, one would not expect a 1% change in
stoichiometry to drastically change the crystalline
electric field parameters.

We interpret the excitation at @co =10 meV as aris-
ing from the excitation across the hybridization gap
originating from the coupling between the localized f
electron and bandlike d electron as shown schemati-
cally in the inset in Fig. Il. The telltale feature of our
results which strongly suggests this origin is the
strong momentum dependence of the intensity: be-
ing strongest at the zone boundary and weakest at
the zone center. This occurs because the electron
density of states is large near the zone boundary and
the zone center. Thus one obtains the maximum in-

tensity at wave vectors which span the Brillouin zone
(see inset in Fig. 1). For q =0 transitions, i.e., verti-
cal transitions, one does not find simultaneously a
large density of states for the initial and the final
states. The temperature dependence is also con-
sistent with this interpretation in that broadening as T
increases is due to the smearing of the Fermi func-
tion as T increases.

The sensitivity of this excitation to the stoichio-
metry also suggests that the 10-meV excitation is re-
lated to an excitation across a hybridization gap. By
changing the stoichiometry we are most likely chang-
ing the position of the f level relative to the Fermi
level. This changes dramatically the mixed-valent
properties and, as we have seen above, the nature of
the observed excitation. These results are also sup-
ported by the fact that the resistivity of Tm„Se is

strongly dependent on x and decreases as x decreases
implying a change in the nature of the f dh-ybridiza-
tion, ' and a reduction of the gap.

These features were independently predicted by
Pedro and Sinha, who calculate the neutron scatter-
ing cross section for a mixed valent system. 9 They
find a peak in the spectra near ~, where 6 is the hy-
bridization gap. The position of the peak shows little

q dependence and the intensity is a maximum at the
zone boundary and decreases as q 0. Also the
linewidth increases as T increases. They also find a
quasielastic peak which increases as the temperature
is lowered. All these features are found in our ex-
perimental study of TmSe.

In conclusion, we have presented evidence which
strongly supports the existence of a hybridization gap
in TmSe. It manifests itself in a sharp peak at
hen =10 meV whose intensity is strongly dependent
on momentum, temperature, and sample quality and
follows the predictions of recent calculations. The
existence of a gap contrasts with theoretical studies
which predict that there should be no hybridization
gap in paramagnetic TmSe, but there may be one in
antiferromagnetic TmSe. ' It will be of interest to
study the behavior of the excitation with higher reso-
lution to see if there is an effect when TmSe orders
antiferromagnetically.
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model. We also thank P. Bak, B. Batlogg, H. R. Ott,
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