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to Eq. (1) given some inherent &h ~~. A rough esti-
mate which accounts for most of the observed
width at EJ3 =0 is &@

I~
=0.03-0.04 A ', implying a

real-space scattering length of 20-30 A. This
length is not consistent with that derived from
LEED results which require coherent scattering
from much larger domains. Defect or phonon
scattering could destroy the coherence of the
photoemission initial or final state without affect-
ing the long-range order required to produce
sharp LEED beams. 20-30 A is a reasonable es-
timate of the average separation of defects and
impurities. The surface is then viewed as a di-
lute alloy of defects and impurities in copper,
for which the momentum would be ill defined.
The sputtered surface results are nicely explained
in these terms. ' The effect of phonons is less
straightforward. A simple Debye-%aller effect" "
does not explain the results completely. While it
might account for the observed temperature de-
pendence of the intensity and width, that of the
peak energy is not easily included. More signifi-
cantly, an extrapolation to zero temperature
yields a result very close to the room-tempera-
ture curve, implying that Debye-Wailer broaden-
ing provides only a small contribution. A rough
estimate of the Debye-Wailer factor at these en-
ergies and temperatures" confirms this result. '
However, evidence f or the importance of phonons
at higher temperature is provided by these and
other" ""results. Several mechanisms De-
bye-Wailer broadening, lattice expansion, wave-
function renormalization —might be operative.
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Evidence for the Existence of Magnetic Two-Level Systems in Amorphous Spin-Glasses
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Susceptibility and remanence as well as the phonon thermal conductivity v~" are studied as
a function of temperature and magnetic field on amorphous spin-glasses (PdCuSi) gpTM, p,
TM=Mn, Fe, Co. For the Fe and Co alloys w~"(T) is enhanced in a field of 5 T below T~.
The results give evidence for thermal activation of cluster moments (magnetic two-level
systems) by. inelastic scattering of phonons, coupled via spin-orbit interaction to the mag-
netic two-level systexns. Contributions of spin-wave-like excitations to KP (T,H) cannot
be detected.

PACS numbers: 75.30.Cr, 66.70.+f, 75.50.Kj

It is well known that magnetic, crystalline spin-
glasses reveal some physical properties at low
temperatures which are analogous to properties

of amorphous materials. Spin-glasses show,
e.g. , a linear temperature dependence of the
magnetic specific heat and characteristic time
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dependences in their remanent behavior. It was
therefore proposed' to describe the low-tempera-
ture behavior of spin-glasses in terms of mag-
netic two-level systems (MTLS), analogous to
the structural two-level systems (TLS) intro-
duced for the understanding of the properties of
amorphous, nonmagnetic materials. "

The question of the origin and nature of MTLS
in spin-glasses is presently investigated especial-
ly from the theoretical side." It is assumed
that MTLS are associated with regions of com-
plex spin arrangements —magnetic clusters—+hose free rotations are blocked by anisotropy
energy barriers. Thus, one expects the dynam-
ics of a spin-glass (or cluster glass) to be dom-
inated by thermal activation processes. Experi-
mentally, the presence of MTLS has been most-
ly shown indirectly, e.g., by relaxation meas-
urements of the remanence. "

In the present paper we will demonstrate di-
rectly the presence of MTLS in amorphous metal-
lic spin-glass systems. In studies of the thermal
conductivity of (PdCuSi) with Mn, Fe, and Co
impurities in various concentrations we will
show that MTLS can be activated over their en-
ergy barriers by inelastic scattering of phonons.
Our work also gives clear insight into the kind of
coupling of the phonons to the MTLS as well as
knowlegde about the nature of the MTLS,

The samples (Pd„,Cu, Si„,)TM„, with transi-
tion metals (TM) Mn, Fe, and Co, are prepared
by the splat-cooling technique. ' The amorphous
state is confirmed by Mo Ko. x rays and by meas-
urement of the residual resistivity. The magnet-
ic properties (susceptibility and remanence) are
also investigated. The heat conductivity is meas-
ureQ by a stationary method on packets of five
strips of amorphous material in a He' cryostat,
incorporating also a 6-T superconducting mag-
net. Details have been given earlier. ' Compared
with the former measurements' the relative ac-
curacy in the determination of K(T) has been in-
creased to a value better than +0.3'/z mainly by
increasing the accuracy of the calibration of the
carbon thermometers in the magnetic fields. The
uncertainty in the geometry limits the absolute
accuracy of the measurements to +3/&. The
phonon contribution ~~ (T) is obtained by applica-
tion of the Wiedemann-Franz law.

Figure 1 shows the phonon thermal conductivity
versus temperature T in double logarithmic
scale for (PdCuSi) containing 20 at. % Mn. The
filled circles represent the data as taken in zero
field; the open squares are the data as taken in
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FIG. 1. Phonon thermal conductivity ~p" vs tempera-
ture in double logarithmic scale for an amorphous alloy
of (PdCuSi) and 10 at.$0 Mn in zero field (dots) and in a
magnetic field of 5 T (open squares). The inset shows
the temperature dependence of the susceptibility for
the same sample (TN, transition temperature into an
antiferromagnetically ordered state; 7."~, spin-glass
freezing temperature).

,a field of 5 T. Note that for this sample there is
no difference in ~~"(T) for zero field and in a
field of 5 T. Figure 2 exhibits an equivalent
presentation of a'~"(T) for a sample containing
10 at. %%uOFe . On ecanse e tha t for thi sallo y the
thermal conductivity in a 5 T field is enhanced
by a maximum of 5% at temperatures below 4 K.
This enhancement lies well above the relative
accuracy limit of the measurements. Figure 3
shows K~ (T) for a sample containing 10 at. /o Co.
This figure clearly reveals that in the tempera-
ture range below the freezing temperature T
the conductivity in a 5-T magnetic field is appre-
ciably enhanced (roughly by 20%) as compared
with the zero-field behavior. Further measure-
ments have shown that the magnetic contribution
is not saturated in 5 T. This is the first time
that field enhancements of z~"(T) have been ob-
served for metallic amorphous materials. Re-
cently an enhancement of the phonon thermal con-
ductivity on an insulating, single-crystalline
EuSrS spin-glass sample has been reported, also
giving evidence for scattering of phonons from
magnetic excitations. '

The increased conductivity in a, magnetic field
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FIG. 2. f(.
"P" vs temperature for an amorphous alloy

of (PdCuSi) and 10 at.% Fe in zero field (dots) and a
magnetic field of 5 T (open squares). The inset shows
the ac susceptibility vs temperature (T, , transition
temperature into a ferromagnetically ordered state;
T~, spin-glass temperature).
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FIG. 3. ~~" vs temperature for an amorphous alloy
of (I'dCuSi) and lo at.% Co in zero field (dots) and a
magnetic field of 5 T (open squares). The inset shows
the temperature dependence of the dc susceptibility
(T~, spin-glass temperature).

cannot originate from a field dependence of the
electronic part of z(T). The magnetoresistance
for all sa.mples is smaller than 2%%uo, and the elec-
tronic contribution to the total thermal conduc-
tivity is at maximum of the order of 50%%uc.

The insets in Figs. 1 to 3 show qualitatively
the temperature dependence of the zero-field
susceptibilities as measured for the respective
alloys. The Mn and Fe samples reveal charac-
teristic magnetic double transitions with an anti-
ferromagnetic-like ordering temperature at TN

in Mn, and a transition into a weak ferromagnet-
ically ordered state at T, for Fe. At lower tem-
peratures for both alloys a second transition into
a spin-glass or cluster-glass-like state at T,
follows. For the Mn sample this spin-glass tran-
sition is characterized by a sharp cusp at T, =13
K, whereas for the Fe alloy the spin freezing
process is marked by a strong decrease of g„
below T = 30 K." The 10-at.%%uo-Cosampl e(Fig .
3) shows only a single-peak spin-glass (or clus-
ter-glass) transition at T, =28 K. Since we con-
centrate here more on the thermal transport, the
magnetic properties of the samples will be dis-
cussed in detail elsewhere. " Note, however,
that the field enhancements of ~&"(T) for Fe and
Co occur in temperature regions where the al-
loys are magnetically in the cluster-glass state,

i.e., for T &T, . This point will be important
when discussing the physical origin of the en-
hancement, as shown below.

For the discussion, we first focus on the possi-
ble coupling mechanisms between phonons and
magnetic excitations in general. This coupling
can be achieved either by a modulation of the
magnetic exchange interaction between the im-
purities by the phonons" or by an indirect coup-
ling of the moments to the lattice via spin-orbit
interaction. We think that our series of results
from Mn to Co (Figs. 1-3) clearly demonstrates
that the coupling must be of Is type. There is no
enhancement of ~~"(T) in a magnetic field for 8-
state Mn. There is a small enhancement of the
thermal conductivity in a field when adding Fe.
Fe has a small orbital contribution to the effec-
tive moment. There is strong enhancement for
Co, which has an orbital component 2 times larg-
er than Fe. This result is supported by electron-
spin-resonance measurements on the same sam-
ples. " The width of the ESR absorption spectra
increases when going from Fe to Co reflecting
the growing influence of the orbital contribution
to the magnetic moments.

Concerning the question of the nature of the
magnetic excitations we can get some informa-
tion from another series of a'~"(T) measurements
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which we have done on amorphous (PdCuSi) with
various concentrations of Fe. The results are
given in Fig. 4. The left-hand part of this figure
shows tl.e phonon thermal conductivity K~" versus
lnT for 10 at. /o Fe (repeating, for comparison,
Fig. 2) and additionally ~ "(T) for (PdCuSi) with
15 and 20 at. % Fe. Again, the dots give the
thermal transport in zero field, while the open
squares exhibit ~~"(T) as measured in 5 T. In
the right-hand part of Fig. 4 we present the cor-
responding magnetic measurements, i.e., g(T)
for 10 and 15 at. % Fe and the spontaneous mag-
netization M, versus T'i' for the ferromagnetic
sample with 20 at. % Fe. Concerning the thermal
conductivity the results in Fig. 4 reveal that the
field effect roughly doubles from 10 to 15 at. %
Fe, i.e., when for both alloys we remain in the
cluster-glass region as the left-hand part of Fig.
4 shows. Surprisingly, for 20 at. % Fe, we do
not observe any influence of a magnetic field on
zI' (T). This result clearly demonstrates that
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FIG. 4. Left-hand part: Phonon thermal conductivity
K~" vs temperature for a series of (Pd77 5 gCueSlf6 5) Fe„
alloys with x =10,15,20, in zero field (dots) and a mag-
netic field of 5 T (open squares). Bight-hand part:
Temperature dependence of the ac susceptibility for
the respective alloys with x =10 and 15. Note the mag-
netic double transitions with the corresponding high-
temperature values (T, ) and the lower freezing temper-
atures T~. For the ferromagnetic x =20 sample the
spontaneous magnetization M, vs T is given.

532

scattering of phonons from spin-wave-like exci-
tations cannot be the origin of the conductivity
enhancement, since this sample is definitely
ferromagnetic and there is evidence for the
existence of spin-wave-like excitations, as the
behavior M, ~ T' ' shows (see right-hand part of
Fig. 4).

Blocking of single spine (with moment p, ) also
does not explain the observed enhancement, be-
cause at temperatures of typically 10 K and
fields of 5 T the thermal energy k& T is high as
compared with the magnetic energy p, ,ll. Fur-
ther support comes from findings on a 15% Co
cluster-glass sample (T, ~40 K)~sot shown
here —where a, field enhancement of ~& (T) of
more than 7% is still observed at temperatures
above 25 K.

Instead, we think that the field enhancement is
due to the scattering of phonons from cluster
moments. We get evidence for this assumption
from the detailed magnetic studies, "where the
behavior of the thermal remanent magnetization
(TRM) as function of temperature and time can
only be explained if one assumes the existence
of thermal activation of cluster moments over
anisotropy barriers. Time effects are only ob-
served in the low-temperature cluster-glass
state of the alloys, i.e., below T, and not in the
ferromagnetic range between T, and the upper
critical temperature T, (see, e.g. , Fig. 2).

In the theoretical models" a simple physical
picture for the activation of cluster moments is
given. The clusters have two equilibrium posi-
tions, with the moments pointing either parallel
or antiparallel to the axis of easy magnetization.
Both positions are separated by an anisotropy
barrier. Such an arrangement is described as a
MTLS. The general validity of this MTLS pic-
ture is further supported by the successful de-
scription of magnetization measurements on a
variety of other spin-glass (cluster glass) sys-
tems. '

Finally, the phonons in our systems have typi-
cal relaxation times of Tzh=10 ' sec at I K. The
closer the relaxation times of the MTLS to Tph

the better the coupling. For single spins one
can estimate relaxation times to be of the order
of 10 "sec (for 5 T). In contrast to this, meas-
urements of the TRM as a function of tempera-
ture and time on crystalline spin-glasses reveal
relaxation times of cluster moments of the order
of 10-' sec,'" i.e., of the same order of magni-
tude as T ph This argument is a further proof to
our assumption that the field enhancement of



VOLUME 50, +UMBER 7 PHYSICAL REVIEW LETTERS 14 FEBRUARY 1983

K~ (T) is caused by inelastic scattering of phonons
from MTLS.

The present findings have some important con-
sequences. From our investigations of the tem-
perature dependence of the magnetic part of
~~ (T) it follows that the density of states as a
function of energy of the MTLS depends on the
kind of magnetic impurity and its concentration.
For further analysis measurements of the specif-
ic heat in a magnetic field on these materials
would be helpful. These measurements would al-
low a quantitative determination of the coupling
constants. Also a detailed investigation of the
temperature dependence of the magnetic specific
heat is necessary. From these measurements
we expect more insight into the problem of wheth-
er the sometimes observed linear behavior of
c„(T) at low temperatures originates from spin-
wave-like excitations or from excitation of MTLS
as the present work proposes. Finally, it would
be interesting to calculate theoretically the spin-
orbit coupling between phonons and MTLS, a
work which simultaneously would lead to an ex-
tension of the present cluster models.
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Pristine 98% ' C-enriched cis-polyaoetylene has been investigated by electron-nuclear
double-resonance spectroscopy at temperatures between 77 and 300 K. Spectra are charac-
terized by two and only two 'H and '3C hyperfine tensors. The relative magnitudes and sym-
metry of the tensor elements established that the paramagnetic electron resides in a delocal-
ized ~ orbital. Experimental results indicate that the delocalized electron is constrained to
a potential well of approximately 100 A width.

PACS numbers: 76.70.Dx, 61.40.Km, 71.50.+t

Extensive interest in polyacetylene, (CH)„, has ogous to topological solitons, exist in the trans
been generated by the proposal" that domain-wall isomer of this material. The domain wall is
kinks in the electron charge-density wave, anal- spread over 15 lattice sites and associated with
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