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RAMAN SCATTERING FROM SPIN FLUCTUATIONS AND PHONONS IN THE HEAVY-FERMION
SUPERCONDUCTOR UPt3

H. Brenten, E. Zirngiebl', M.S. Wire, S. Blumenrdder, G. Pofahl

and G.

Giintherodt

II. Physikalisches Institut*,Universitit zu Kéln, 5000 K&ln 41,
Federal Republic of Germany

Los Alamos National Laboratory,

Z. Fisk

Los Alamos, N.M. 87545, USA

(Received 22 January 1987 by B. Miihlschlegel)

Quasielastic scattering from spin fluctuations has been observed
in UPt, by Raman spectroscopy. The experiments for wave vectors
q~0 show a nearly temperature independent linewidth for 5 K TK
300 K. Complementary to neutron scattering results this estab-
lishes the q independence of the spin relaxation rate, indicating
the localized nature of the spin fluctuations. A Raman-active

phonon near 79 cm”™

(10 meV) shows a drastic increase in line-~

width with decreasing temperature, demonstrating strong electron-

phonon coupling .

There has been considerable interest recently
in the uqusual properﬁifs of heavy fermion
materials’ such as UPt,"? which is a super-
conductor and exhibits spin fluctuations. The
latter have been inferred_from specific heat-,
magnetic su ceptibility3, and resistivity
measurements'. From neutron scattering measure-
ments”’ on polycrystals of UPt3 one has deduced
an energy scale of the spin fluctuations of
about 9 meV (100K) independent of momentum
transfers q » 1 £-'. Fermi liquid theory
predicts this energy scale to be determined by
Vg+qQ , where Vg is the Fermi velocity. An
important question is whether this linear q
dependence can be observed in q=0 Raman
scattering. Moreover, since it has been
suggested that the electron pairing in heavy
fermion superconductors may not be due to the
usual BCS-type electron-phonon interaction”,
any phonon spectroscopy is highly desirable.

In UPt3 we have observed by means of Raman
spectroscopy (a true q = 0 probe) quasielastic
scattering from spin fluctuations and a tem-
perature dependent, anomalous broadening of the
linewidth of the A;, (I'y*) phonon. The result
for the spin fluctuaéions complements neutron
scattering investigations and establishes the q
independence of the spin relaxation rate, In
analogy to findings in A15 superconductors! we
observe an increasing broadening of the phonon
mode with decreasing temperature, reflecting
strong electron-phonon coupling.

* Present address: Los Alamos National
Laboratory, Los Alamos, N.M. 87545, USA

* Work supported by Deutsche Forschungs-
gemeinschaft, SFB 125
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UPt3 crystallizes in the hexagonal Ni,Sn-struc-
ture (space group D ghs P6 /mme). Tge sample
was made by arc melting of éLe pure elements on
a water-cooled copper hearth in a zirconium-
gettered argon atmosphere. Raman measurements
have been carried out between 5 and 300 K,
using 5309 % Kr*-laser excitation with 15¢ mW
incident power. The Raman spectra were taken on
a fractured surface of the polycrystalline
sample where the laser beam was focussed onto a
(001) cleavage plane of a single crystal grain.

Fig. 1 shows Raman spectra of UPt, at 300, 77
and 5 K, obtained in backscattering geometry
using perpendicular polarizations of incident
and scattered 1light. This choice of polariza-
tions reduces (100 % in the case of ideal
polarizations) the fraction of light scattered
elastically due to surface imperfections and
strongly indicates the qu?sielastic scattering
extending beyond 200 cm™' in Fig. 1 to be of

magnetic origin8, The elastically scattered
light has been accounted for by a Lorentzian
fit to the laser line and shows a cut-off near
+30 em™'. Moreover, elastic scattering should
show no temperature dependence, i.e. no
increasing Stokes/anti-Stokes asymmetry with
decreasing temperature as seen in Fig. 1.
Finally, the residual Stokes scattering inten-
sity at 5 K cannot be due to second order
phonon difference processes since these pro-
cesses die oef very rapidly with decreasing
temperature”. The quasielastic scattering
intensity in Fig. 1 (given by the hatched area)
is interpreted as due to spin fluctuations as
will be described below.

According to Ref. 8 the scattering cross sec-
tion for scattering by fluctuating magnetiza-
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Fig 1:

Temperature dependence of the Raman spectra
of UPt, for perpendicular polarizations of
1nciden§ (5309 £) and scattered 1light. The
hatched area shows the contribution due to
spin fluctuations with half width at half
maximum, I /2, determined from the fit using
Eq. (8).

tion components can be expressed for Stokes
scattering as

>

dews 1,j

(eg x et (g x ep?d

(1)
x <imdy

where €g € are the polarizatjon vectors of
incident and scattered photons, M™, MY are the
cartesian components (i,j = x,y,z) of the
sample magnetization M. Using the fluctuation-
dissipation theorem” yields

~ Z (egx €t (eg x €p)
dews i4

dza

(2)

1 - exp(-hw/kT)
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where X"i is the imaginary part of the suscep-
tibility. '}f‘ we are dealing with uncorrelated
spins, i.e. which relax exponentially in time
with a gq-independent relaxation rate I', it
should be possible to separate X"i into q and
w dependent factors. We use a Kramers-Kronig
relation and assume

x"(q,0) = nrwx'(q,0) P(w) (3)

where P(w) and x' denote the spectral function
and the real part of the susceptibility,
respectively.

We now assume a Lorentzian for P(w), since we
expect the 5f spins to fluctuate statistically.
Thus we find the magnetic scattering intensity
I(w) as a function of the frequency shiftw to
be given by

hw
I{w) = A * ———— e ———————————-
1 - exp (~hw/kT)
(4)
r
M = —————— + S(w)

(W2 + (I72)?)

where A denotes the magnetic scattering inten-
sity and S(w) is the surface roughness scat-
tering contribution (Lorentzian line shape),
which 1is superimposed on the magnetic excita-
tions. We have fit our data to Eq. (4) and
subtracted S(w) to yield the pure spin fluc-
tuation contribution to the spectra (shown by
the hatched area in Fig. 1). From the fit, the
half width I'/2 at half maximum of the quasi-
elastic intensity is found to decrease from 110
em™! (13.6 meV) at 300 K to 85 em™1(10.5 meV)
at 5 K.

These Raman measurements, complementing the
neut{-on scattering results for large q (3
18 , establish the q independence of the
spin relaxation rate within the large error
bars of the neutron data. Hence we conclude
that the spin fluctuations are localized in
space as expected for well separated U atoms.
Coherence and Fermi liquid effects, which lead
to a q dependence of the spin relaxation rate
for q+0, can be ruled out for temperatures
down to 5 K as a consequence of our results. In
addition to our findings for UPt, we have
reanalyzed magnetic Raman scattering data of
UBe13, reported'” recently for 40 K and 350 K.
We wére able to fit these data to the form of
Eq. (4) and the result is shown in Fig. 2 by
the hatched area. For both temperatures [/2 is
found to be 110 (+20) em™' (13.6 meV), in
good agreement with neutron scattering results
(13+2 mev)'"',

In addition to the magnetic Raman scattering in
UPt,, we were able to investigate one of the
fivé Raman-active phonons. Fig. 3 shows unpola-
rized Raman spectra of UPt, at 300 K, 77 K, and
5 K. The phonon mode at em~1 appears only
for parallel polarizations of the incident and
scattered light and has A1 symmetry. The line-
width of the phonon peak igcreases with decreas-
ing temperature from 10 en™! at 300 K to ho
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Fig 2:
Raman spectra of UBe from  Ref. 10,
obtained with perpendicular polarizations

of incident (5145 %) and scattered light.
The hatched area shows the contribution due
to spin fluctuations with halfwidth at half
maximum, [/2, determined from the fit using
Eq. ().

em~! at 5 K. The weak excitation near 150 en™!

appearing in the spectrum for 77 K 1is
attributed to a scattering process of second
order.

We ascribe the phenomenon of increasing width
of the optical phonon in UPt3 to strong
electron-phonon coupling, in analogy to
observations in superconducting A15
compounds’, Assuming that this discrete phonon
interacts with a continuum of electronic
excitations leads to a phonon linewidth, which
is proportional to the square of the electron~
phonon coupling constant!., Hence we conclude an
increase in the electron-phonon coupling con=-
stant with decreasing temperature. The anoma-
lous behavior observed for the phonon mode of
A1 symmetry is consistent with the dominant
de%ormation potential type electron-phonon
coupling concluded from elastic anomalies'*.
This most likely explains the strong Raman
scattering intensities of the A1 phonon com-
pared to the other unobservable Raman-active
modes (E18' 3 EZg)'
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Fig 3:
Raman  spectra of UPt3 for parallel
polarizations of incident (5309 &) and
scattered light. The scattering intensity
of the A phonon is separated from the

1
background %y the dashed lines.

Further evidence for strong electron-phonon
coupling is given by the occurence of the two
phonon-process near 150 em™' for intermediate
temperatures between 300 K and 5 K, i.e. for 77
K. On the one hand the electron-phonon coupling
increases with decreasing temperature, but on
the other hand the phonon population decreasif
drastically according to the Boltzmann factor®.

In conclusion, we would like to emphasize that
spin fluctuations of heavy fermion U-compounds
can be seen by Raman scattering. This is indi-
cative of large magneto-optical coupling
already observed for non-heavy fermion U~com-
pounds and perhaps characteristic for any U-
compound. This may be due to the large spin-
orbit coupling in U itself. Moreover the qx0
measurements of the spin fluctuations in UPt

and UBe1 show the same characteristic energy
scale as the neutron data for q »1 -1, The
absence of any Fermi liquid behavior of the
spin fluctuation rate remains an openquestion.
Any proposed theory for heavy fermions must be
able to account for this disagreement.
Furthermore our measurements give evidence for
a strong electron-phonon coupling, which has to
be taken into acecount by any theory explaining
the unusual superconductivity. A coupling of
the observed A1 phonon of UPt, to the
electronic systen? seems even more probable
because its frequency is of the same order as
the spin fluctuation rate. The q = 0 A1g phonon
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coincides with a flat optical phonon branch
near 10 meV (80 cm”™') measured for q»1 A~
(Ref. 5) and establishes the existence of an
Einstein mode in UPt,. The coincidence of an
Einstein mode with the spin relaxtion rate is a
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