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Inelastic-neutron-scattering measurements of the generalized phonon density of states (GDOS) for the
electron-doped superconductors Nd& g5Ceo»Cu04 and Pr, ~&Ceo»Cu04 have been carried out with the
use of both a filter-detector method and time-of-Aight spectroscopy. A measurement of the GDOS for
the insulating Pr2Cu04 was also done for comparison with that of Pr&»Ceo»Cu04, while a more limited
set of data was obtained for Nd2Cu04. Comparison between the GDOS spectrum of the
Nd, 85Ceo»Cu04 with that of Pr, 85Ceo»Cu04 shows differences in the shape of some structures in the
GDOS spectrum. Furthermore, there are substantial changes in the GDOS spectrum of
Pr, 85Ceo»Cu04 as compared to that of Pr2Cu04, particularly in the energy regime between 33 and 63
meV. In the Nd&»Ceo»Cu04 system, where electron-tunneling measurements have been performed,
there are similarities between the GDOS spectrum and the Eliashberg-coupling function a F(co) ob-
tained from the tunneling data in the energy regions where comparisons can be made. To the extent that
this comparison is valid, it suggests that phonons are to some extent involved in the electron-pairing
mechanism in these electron-doped superconductor systems. We have also determined the ground-state
crystal-field excitations associated with the rare-earth ions (Nd', Pr' ). The Nd'+ crystal-field levels
are observed at energies of 13, 20.7, 26.4, and 93 meV in superconducting Nd& 85Ceo»Cu04. For the
Pr2Cu04 system, the Pr'+ crystal-field excitations are found at 18.6 and 87.9 meV. These peaks broaden
and split when doped to form superconducting Pr& 85Ceo»CuO&. The observed crystal-field levels in the
above systems are in good agreement with those reported by other groups.

I. INTRODUCTION

The role of phonons in the mechanism of superconduc-
tivity for the high-T, oxide superconductors is still
largely an open issue. Historically, one indication for the
electron-phonon mechanism in conventional supercon-
ductors has been the isotope effect ( T, 0- M ), where
the BCS value for the isotope exponent is a= —,'. For the
copper-oxide superconductors, the oxygen exponent a
has been found to depend on the carrier concentration
and T, . In fact, for hole-doped superconductors the
value of a has a decreasing trend with increasing T, and
with increasing number of CuO layers, n, with the excep-
tion of YBa2 „Sr„Cu307. In the electron-doped super-
conductors such as Nd, s~Ceo &sCuO4 (T, —=25 K)," a has
been found to be very small (a ~0.05). The absence of
an isotope efFect by itself, of course, does not rule out a
phonon-mediated pairing mechanism. Indeed, there is
substantial evidence from inelastic neutron scattering
that the phonons are involved in the superconducting
state, both in the present moderate-T, electron supercon-

ductors, as well as the high-T, materials YBa2Cu307
(Ref. 8) and Bi2Sr2CaCu208.

One of the most direct experimental probes of the
electron-phonon coupling in superconductors is a corn-
parison of the electron-phonon spectral function a F(to)
determined by electron-tunneling measurements with
phonon density-of-states spectra measured by neutron
scattering. ' This approach has been used in the
Ba, K„Bi03 system" (T, =—30 K, et=0. 41)„' where
reasonably good agreement was found between the tun-
neling and neutron data. ' Electron-tunneling measure-
ments have also been made on single crystals of
Nd, 85Ce0, 5CuOz grown in our laboratory, "and as a re-
sult we embarked on a determination of the phonon den-
sity of states in these systems to compare with the tunnel-
ing data. We have measured the generalized phonon
density of states (GDOS) on polycrystalline samples of
superconducting Nd& 85Ceo &5Cu04 and Pr& 85Ceo &5CuO4,
as well as on insulating Pr2CuO4. We have also obtained
a limited set of data for Nd2Cu04. For the
Nd& ~5Ceo &5Cu04 material where tunneling data have
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been obtained, we And that there are indeed some similar-
ities between the two sets of data. Of course, in the an-
isotropic copper-oxide systems tunneling experiments ac-
curate enough to extract a F(co) are generally very
difficult to perform due to the short coherence lengths, '

and any observed similarities between a F(co) and the
G-DOS have to be viewed with some reservations. Mea-
surements of the phonon density of states, on the other
hand, are less difficult to make, although in the present
systems separating the magnetic (crystal-field) excitations
from phonon scattering also presents some challenges.
Nevertheless, the present GDOS measurements should
serve for comparison purposes as more refined tunneling
data become available.

In principle, there are two methods to determine the
phonon density of states via inelastic neutron scattering.
One method is to make extensive measurements of the
phonon dispersion relations, generally along high-
symmetry directions in reciprocal space, at as many re-
duced wave vectors as possible. Large, high-quality sin-
gle crystals, of both the parent insulating systems and the
doped superconducting materials, are needed for these
types of measurements. Ideally, these measurements can
then be compared with model calculations of the disper-
sion relations, and the model parameters are then adjust-
ed to achieve a reasonable description of the dispersion
relations. The model is then used to obtain an estimate of
the phonon density of states. However, in the present
systems where there are many phonon modes (21 in the
present case), the model calculations play a much more
important role in that they generally must be used to as-
sign each measured phonon group to a specific phonon
dispersion relation. The phonon energy and intensity in-
formation is then fed back into the model to make new
predictions, and this type of iterative process is used to
both conduct measurements and interpret data. Cxeneral-

ly, this is not a straightforward procedure, and moreover
the model must be simplified for calculational purposes.
In the Anal analysis there are typically significant
discrepancies between the calculated and observed ener-
gies along the high-symmetry directions. ' ' To accu-
rately calculate the phonon density of states, however,
one must rely on the model to generate the correct pho-
non energies at all q values, not only along the high-
symmetry directions, but also throughout the Brillouin
zone. In the case of the doped Nd&»Ceo, ~Cu04 and
Pr, »Ceo»Cu04 alloys of primary interest, it is not clear
how well the partial, random substitution of Nd by Ce
can be modeled by lattice dynamical calculations. There-
fore the reliability of the density of states obtained with
this method is difficult to assess in these complicated ma-
terials.

The second method is to directly measure the general-
ized phonon density of states via inelastic neutron
scattering from polycrystalline materials, which has the
distinct advantage that a model-independent determina-
tion can be made. For a single-component system (such
as Pb), a measurement of the GDOS would in fact reAect
the true phonon density of states. In a multicomponent
system such as the present materials, on the other hand,
this method has the drawback that the data are weighted

by (cr; /m; ), where a; is the nuclear scattering cross sec-
tion and m; is the mass of the ith ion, hence the term
"generalized" phonon density of states. It is important to
keep in mind when comparing the tunneling and neutron
data that in fact neither technique directly measures the
phonon density of states F(co); the tunneling data are
weighted by the electron-phonon coupling a . Hence, for
these multicomponent oxide systems, we cannot expect
the detailed correspondence that can be obtained for sim-
ple systems such as lead.

The presence of magnetic rare-earth ions (Nd +,Pr +)
in these electron-superconductor systems and the mag-
netic Cu + spins means that there are also magnetic con-
tributions to the scattering. ' ' The rare-earth spins or-
der at very low temperatures (Tz ~2 K), ' ' while the
Cu spins order at high temperatures ( T&-250 K) in the
insulating compounds. ' ' In the present materials the
Cu ions have a small moment and thus scatter weakly.
Moreover, this magnetic scattering is spread over a wide
range in energy, and indeed it is the large energy scale
associated with this magnetism that has supported the
speculation that it is directly connected with Cooper
pairing. It is unlikely that the inelastic magnetic scatter-
ing from the Cu spins can be observed at all in these poly-
crystalline samples —single crystals are required to ob-
serve this.

The rare-earth —rare-earth interactions, on the other
hand, are very weak, giving rise to ordering temperatures
of a few degrees K or less. Hence the crystal-field excita-
tions have little dispersion and thus give rise to sharp, Q-
independent peaks in the inelastic spectra. Most of these
peaks are very strong due to the large rare-earth mo-
ments and are easily identi6ed. %'e note that the crystal-
field excitations we have observed are in good agreement
with those reported by other groups, ' but in some
cases we have been able to take data with better resolu-
tion than previous measurements. At the energies where
these crystal-field excitations occur, however, it is not
possible to separate the magnetic from phonon scattering.
Furthermore, at elevated temperatures additional
crystal-6eld transitions can be observed via the thermal
population of excited states, while the crystal-6eld transi-
tions tend to broaden. This makes temperature-
dependent measurements of the GDOS very difficult.
Fortunately, the temperature region of interest is at and
below T, (-25 K), and consequently we have restricted
our measurements to low temperatures. We note that
preliminary reports of our measurements have already
been presented. '

II. KXPKRIMENTAI. PROCEDURES

For coherent scatterers with vibrational energy Ace, the
one-phonon cross section in the incoherent approxima-
tion is given by

0 kf
dQd k,

with
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Pl~ CO

(2)

where c, o, m, e, 8' (Q), and F are the concentra-
tion, total coherent scattering cross section, mass, pho-
non unit-polarization vector, Debye-Wailer factor, and
density of states, respectively, for the jth atom. k, and

kf are the incident and final neutron wave vectors, fiQ is
the momentum transfer, and n (co) is the Bose thermal oc-
cupational factor. At low temperatures the thermal fac-
tor n(co)+1 = 1, and the effect by the Debye-Wailer fac-
tor is assumed to be small for each ion. The quantity
within the angular bracket ( . ) is averaged over all
modes with energy Ace, and this also includes averaging
over all Q directions for polycrystalline materials. The
above equation contains the generalized phonon density
of states p

p=g ' ' ((Q e, )'e ')+, (~) .
j j

(3)

The incoherent approximation is best realized under ex-
perimental conditions with large values of Q. However,
for moderate Q values, it has been shown that a reliable
GDOS can be obtained by averaging over a range of
scattering angles. The contribution to the GDOS from
each F~(co) is weighted mainly by o,. /m, , which for Nd,
Pr, Ce, Cu, and 0 are, respectively, 0.11, 0.15, 0.02, 0.12,
and 0.26 b/amu. The phonon cross sections are therefore
particularly sensitive to scattering from oxygen vibra-
tions.

The main technique we used to measure the GDOS is
the filter-detector technique. These data were collected
at the BT-4 spectrometer at the National Institute of
Standards and Technology Research Reactor. The pri-
mary experimental advantage of this technique is that it
provides excellent signal to noise while maintaining good
energy resolution. The technique employs a thick poly-
crystalline block of Be in front of the detector, which
transmits only neutrons with a final energy Ef ~5 meV.
The scattering intensity as a function of energy is then
obtained by varying the incident neutron energy. Im-
proved energy resolution can be obtained with this same
technique by using a combination of polycrystalline Be
and powder graphite, which restricts Ef to ~1.8 meV.
Since Ef is quite small, we have that Q =k, , and we see
that the wave vector and energy transfer are directly cou-
pled. This also means that Q /co is a constant in Eq. (2),
and hence to a good approximation the observed intensi-
ty is directly related to the GDOS. With this technique a
pyrolytic graphite PG(002) monochromator was em-
ployed for energy transfers ~40 meV, and we used col-
limations of 20'-20' before and after the monochromator.
For the range of higher-energy transfers (34—120 MeV),
a Cu(220) monochromator was employed, with 40'-40'
collimation. In the low-energy regime (0—20 me V),
where the measured Q becomes small for the filter-
detector technique, we supplemented these data with data
taken with the conventional triple-axis technique. In the

triple-axis arrangement, Ef was fixed to 28 meV by use of
a graphite analyzer, and measurements were made by the
constant-Q technique for 3 & Q &6 A ' (see Table I).
The procedure for determining the GDOS by the triple-
axis method includes averaging the data taken with
different Q values to average out any coherency effects.
The data were also corrected for A, /2 contamination in
the incident beam. The triple-axis measurements were
taken on the BT-2 and BT-4 triple-axis spectrometers at
NIST, with collimations of 60'-40'-20'-40' with a Cu(220)
monochromator or 40'-40'-40'-40' with a PG(002) mono-
chromator.

In order to identify possible weak crystal-field peaks in
the scattering spectrum, we supplemented the filter-
detector method with the time-of-fiight (TOF) technique,
where the Q dependence of the scattering can be used to
differentiate phonon scattering ( ~ Q ) from the magnetic
scattering which is proportional to the square of the mag-
netic form factor f(Q). The time-of-flight data were ob-
tained with the low-resolution-medium-energy chopper
spectrometer (LRMECS) at the Intense Pulsed Neutron
Source (IPNS) at Argonne National Laboratory. In the
TOF technique, monochromatic neutrons are incident on
the sample and the scattering at various energy transfers
are obtained through their time of flight from the sample
position to the 28 detector groups which span a range
from —7' to 117' with respect to the incident beam. Cali-
bration of the He detectors was made using scattering
from a vanadium standard. The data reduction pro-
cedure involves averaging over a range of Q values, again
to average out any coherency effects. For energy
transfers ~ 40 meV, neutrons with incident energy
E, =50 meV were used, while for higher-energy transfers
neutrons with incident energy E, =130 meV were em-

ployed. The various instrumental configurations are
summarized in Table I along with some typical energy
resolutions.

Data were obtained on polycrystalline samples of
Nd &. 8sCeo &5CuO&, Nd2Cu04, Pr2Cu04, and
Pr& 85Ceo &5CuO~ weighing -47, —10, -40, and -40 g,
respectively. All the samples were prepared by the usual
methods. ' The samples were encased in a rectangular
Al can with dimensions 10X5 XO. 11 cm for the TOF ex-
periments, whereas a sample can of size 4.5X4.5X0.69
cm was used for the filter-detector method experiments.
Measurements were made at a temperature of 18 K at
IPNS using a closed-cycle helium displex refrigerator and
at a temperature of 4.2 K at NIST with a He cryostat.
Low temperatures were necessary to avoid scattering
originating from transitions between crystal-field excited
states. For both methods, corresponding background
runs were taken with an empty A1 can at the sample posi-
tion. In addition to the background correction, data
were also corrected for multiphonon contributions which
were approximated by self-con voluting the phonon
features in the spectrum. The result of this convolution
is a featureless profile which increases approximately
linearly up to an energy transfer well above the phonon
cutoff frequency. Thus correction for the multiphonon
contribution was made by subtracting from the
background-corrected data a linear function which is ex-
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TABLE I. Instrumental configurations used for the inelastic-neutron-scattering experiments and the
corresponding resolutions. TOF, time of flight; Be, Be-graphite-Be filter; T, triple axis; PG, pyrolytic
graphite (002) monochromator; Cu, Cu(220) monochromator.

No. Mode

TOF
TOF

Be-PG
Be-Cu
T-PG
T-Cu

Collimations

20'-20'
40'-40'

40'-40'-40'-40'
60'-40'-20'-40'

(meV)

50
130

(meV)

—1

28'
28'

Energy resolutions
(meV)

2.5 at E=36 meV
3.2 at E=93 meV
1.7 at E=18 meV
4.3 at E=93 meV
3.3 at E=10 meV
1.7 at E=10 meV

'PG(002) analyzer.

trapolated from scattering at an energy well above the
phonon cutoff frequency.

III. RESULTS AND DISCUSSIQN

The spectra obtained with the filter-detector method
are shown in Fig. 1, with an expanded view displayed in
Fig. 2, for the Nd, s~Ceo»Cu04 (top), Pr, s5Ceo»Cu04
(middle), and Pr2Cu0~ (bottom) systems. All the data
shown were corrected for background and multiphonon
contributions as explained in the previous section. The
peaks that are readily observed in Fig. 1 are those origi-
nating from ground-state crystal-field excitations. For
the Nd& 8~Ceo»Cu04 spectrum, a sharp crystal-field peak
at 20.7 meV and another broader excitation at 26.4 meV
can be clearly seen in the top of Fig. 1. We have also tak-
en a limited set of measurements on Nd2Cu04, where we
found that these two crystal-field peaks are shifted by less
than 1 meV to higher energies. The crystal-field peak at
-26 meV in the Nd& 85Ceo»Cu04 system has a width
that is considerably broader than the width of the same
peak in the parent Nd2Cu04 system, and this broadening
is likely caused by the random substitution of Ce,
affecting the crystal-field environment. There are also
crystal-field levels at energies 93 and 13 meV, which can
be seen in the top of Fig. 2. Both these peaks have widths
that are somewhat 1arger than the instrumental energy
resolution. There is no single-phonon GDOS scattering
above 83 meV, and therefore the peak at -93 meV is due
to purely magnetic scattering. The peak at 13 meV, on
the other hand, has both magnetic and phonon contribu-
tions as we will show below when we present the TOF
data.

For the PrzCu04 system, two crystal-field peaks are
easily observed at 18.6 meV (bottom of Fig. 1) and at 87.9
meV (bottom of Fig. 2), in agreement with previous re-
ported results. ' However, these data have been taken
with higher resolution than previous measurements. The
peak at 18.6 rneV has a resolution-limited width of 1.5
meV, and we note that it is much stronger than the peak
at 87.9 meV. Recalling that Q varies with b,E for the
filter-detector method, we anticipate a reduction in inten-
sity at the higher energies due to the decreasing magnetic
form factor, but this only accounts for a factor of 3 in
this case. We also note a small shoulder at -22 meV,

which originates from the -88-meV crystal-field excita-
tion via k/2 contamination of the incident beam at this
energy. We remark that generally A, /2 contamination is
only a problem for energy transfers below ~ 30 meV and
then only in cases where there is a strong excitation at
high energies.

It can be seen from the figures that the crystal-field
peaks in the Pr2Cu04 system undergo broadening and
splitting when the system is doped with Ce to form
Pr& 8~Ceo»Cu04. The peak at 18.6 meV broadens and
splits into peaks at 15 and 17.9 meV, and the peak at
—88 rneV appears to split into two peaks at 81 and —88
meV (middle of Fig. 2). All of the observed crystal-field
peaks in our data are summarized in Table II and are in
good agreement with those reported by other
groups. ' Although various groups agree on the ob-
served crystal-field excitations, the proposed detailed
crystal-field level schemes are subject to different inter-
pretations.

Figure 2, which is an enlargement of Fig. 1, illustrates
the phonon scattering of interest. The phonon spectrum
is rich in structure, as might be expected since these sys-
tems contain a large number of branches (21). There has
also been substantial dispersion observed in many phonon
branches, as, for example, in NdzCu04 where the disper-
sion relations have been measured in considerable de-
tail. ' Indeed, we note that there is little correspondence
between the observed peaks in the GDOS and the excita-
tions observed via Raman scattering or IR absorption.
In the top figure, the Nd, 8~Ceo»Cu04 phonon density of
states is seen to extend up to an energy of 83 meV, fol-
lowed by a broad crystal-field peak at -93 meV. In the
energy region from —17 to 30 meV, the phonon scatter-
ing is masked by the strong crystal-field peaks. Outside
this region, the spectrum contains obvious peaks at ener-
gies —13 and -36 meV. We remark that we observed a
background peak at —36 meV due to the Al phonon den-
sity of states from the sample holder, and we have taken
care to avoid "overcorrecting" this contribution by tak-
ing into account the sample absorption factor at this en-
ergy. The rest of the GDOS spectrum contains small
peaks at -42 and 52 rneV, which sit on top of a broader
peak, followed by another broad peak around 64 meV.
There are shoulders at energies -72 and -78 meV be-
fore reaching the cutoff frequency.
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FIG. 1. Top portion of the figure shows the magnetic Nd'+

crystal-field scattering for the Nd&»Cep»Cu04 system at ener-
gies of 20.7 and 26.4 meV. The bottom portion of the figure
shows the Pr + crystal-field peaks at 18.6 and 87.9 meV for the
Pr2Cu04 system. These peaks split and broaden as the system is
doped to form superconducting Pr&»Cep»Cu04 (middle). All
of the above spectra were taken using the filter-detector method
and have been corrected for background and multiphonon con-
tributions.

The GDOS spectrum for the Pr, 85Cep»Cu04 system
shown in the middle of Fig. 2 appears to be somewhat
different than the Nd& 85Cep»Cu04 system despite their
being isostructural. These differences cannot be attribut-
ed to the change in the scattering length for the rare-
earth alloys as most of the rare-earth vibrational modes
occur in the region below 30 meV owing to the heavy
masses of the rare-earth ions. ' The difference between
the two GDOS spectra consists primarily in changes of
the intensities of some structures, without apparent shifts
in the energies. The peaks at 36 and 42 me V in
Pr, 85Cep»Cu04 have difFerent relative intensities com-
pared to the corresponding peaks observed in the
Nd

& 85Cep»Cu04 spectrum. The broad feature at —52
meV observed in the Nd& 85Cep»Cu04 spectrum becomes
a relatively sharp peak in the Pr& 85Cep»Cu04 spectrum.
In the energy range of 58—76 meV, the two spectra are in
general agreement. The precise phonon cutoff frequency

FIG. 2. Same data as in Fig. 1, plotted on a scale where the
generalized phonon density of states (GDOS) can be observed.
The peaks at -93 meV in the top figure and at —88 meV in the
middle and bottom are magnetic crystal-field peaks. The peak
at 13 meV in the Nd& g,Cep»Cu04 spectrum contains contribu-
tions from both magnetic and phonon scattering.

in the Pr& 85Cep ~5Cu04 cannot be determined since
scattering above -76 meV is dominated by the neighbor-
ing crystal-field peak.

For the Pr2Cu04 system, we observe a phonon peak at
-30 meV. The observation of this feature is only possi-
ble due to the sharpness of the crystal-field peak at —18
meV; it is not possible to observe this feature in the
Pri 85Cep»Cu0& sample. On the other hand, the relative

Nd) g5Cep»Cu04
E.„, (meV)

13.0+0.4
20.7+0.2
26.4+0.2
93.1+0.4

Pr)»Cep»Cu04
Epbs (meV)

15.0+0.4
17.9+0.4
81.0+1.0
87.9+0.4

Pr2Cu04
E,b, (meV)

18.6+0.2

87.9+0.4

TABLE II. Observed energies for the crystal-field peaks in
Nd& g&Cep»Cu04, Pr& g5Cep»Cu04, and Pr2Cu04 measured at a
temperature of 4.2 K.
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intensities of the various structures of the GDOS spec-
trum in Pr, 85Ceo»Cu04 change substantially in intensi-
ty, particularly in the energy region of 33—63 meV; there
are no dramatic shifts in the energies of phonon struc-
tures between the two spectra. In the Pr2Cu04 spectrum,
the peak around 52 meV is broader (and perhaps split)
than the corresponding peak in the Pr, 85Ceo»CuO~
spectrum. The peaks at 36 and 42 meV have higher in-
tensities relative to the peak intensity at 52 meV in
Pr2CuO4, whereas in the Pr& 85Ceo»Cu04 spectrum the
peaks at 36, 42, and 52 meV have comparable peak inten-
sities. Interestingly enough, the peak at 36 meV in the
Pr2Cu04 spectrum has an intensity which is greater than
any of the density-of-states features and is in fact compa-
rable to the 88-meV crystal-field peak. This raises the
question of whether this peak has a magnetic contribu-
tion, but we will see below that the TOF data rule out
this possibility. Hence this scattering likely originates
from oxygen vibrations.

The GDOS spectra obtained by TOF spectroscopy in
the energy region 30—100 meV are shown in Fig. 3. The
open circles are the TOF results, and the solid circles are
the data obtained with the filter-detector method, shown
for comparison. The top part of the figure represents the

0.4 — Pr, „Ceo.15CU

0.3

0.2

0.1 oo

0 i I i i ~
I

I
I I I ~

f
~ I I

il

Nd, „Ce, „CUO~
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0
30 40 50 60 70

~ I

80 90 100

Energy (meV)

FIG. 3. Comparison of the generalized phonon density-of-
states (GDOS) spectra taken by employing the filter-detector
method (solid circles) with that taken using the time-of-flight
spectrometer (open circles) for Pr&,5Ceo»Cu04 (top) and
Nd& 8&Ceo»Cu04 (bottom). The data for the time-of-Qight
method and the filter method were taken using instrumental
configuration Nos. 2 and 4 from Table I, respectively. There is
general agreement between the two methods except at 52 meV
in the Pr, »Ceo»Cu04 spectrum and in the lower-energy region
in the Nd& 85Ceo»Cu04 spectrum (see text).

Pr& 85Ceo»Cu04 data, and the bottom part represents the
data for Ndi 85Ceo»Cu04. These TOF data were taken
with an incident energy E;=130 meV and have been
averaged over a series of scans with Q values ranging
from 5 to 10 A '. In normalizing the averaged TOF
scans to the filter data, we made use of the integrated in-
tensities of the crystal-field peaks at the high end of the
spectra after adjusting the factor f (Q) to the value ex-
pected at the corresponding measured Q in the filter-
detector data. It is important to note that in the TOF
spectra the energy resolution coarsens as one measures
toward lower energy, going from a resolution AE—=3.2
meV at 93 meV to AE -=9.6 meV at 36 meV. In the case
of the filter-detector spectra, on the other hand, the reso-
lution gets better, going from kE =—4.2 meV at 93 meV to
AE —= 1.8 meV at 36 meV. There is general agreement be-
tween the two sets of data for the Pr& 85Ceo»Cu04 spec-
trum, with the exception of the peak at 52 meV. This
peak is clearly observed in the filter data, but not in the
TOF data. The discrepancy at 52 meV may be due in
part to the fact that the filter-detector method has -3
times better resolution at this energy than the data taken
by the TOF method. However, it may also be related to
"coherency effects"; i.e., the data for the filter-detector
method may not be averaging over a large enough range
in Q. This effect would give rise to variations in the peak
intensities as a function of Q, therefore affecting the rela-
tive intensities of the observed peaks in the filter data.
Coherency effects are greatly reduced in the TOF tech-
nique since the data shown were obtained by averaging
over a large range of Q. In the filter-detector method, the
measured value for Q at 52 meV is 5.1 A and decreases
down to Q =4.2 A ' at 32 meV, which is still substan-
tially larger than the size of the Brillouin zone ( —2 A ),
yet the coherency effects may still be significant. The bot-
tom of Fig. 3 compares the spectrum for
Nd ] 85Ceo»Cu04 between the TOF data and the filter
data. Apart from the general agreement between the two
spectra for energies ~ 55 meV, there also appears to be a
considerable difference in intensities between the two
spectra for lower energies. For energies ~ 55 meV,
features in the TOF spectrum have intensities larger than
those observed in the filter data. This difference in inten-
sities cannot be explained on the basis of energy resolu-
tions alone in this energy range, as this would only mean
that features seen in the filter data would not be well
resolved in the TOF data. The investigation of the Q
dependence of the scattering in the TOF method confirms
the existence of phonon peaks at —36 and -42 meV as
we will next show.

Figure 4 illustrates the variation of the integrated in-
tensity as a function of Q obtained through the TOF
method for peaks at energies of 13, 20.7, 26.4, and -93
meV in the Nd& 8~Ceo»Cu04 spectrum. The solid curve
is a plot of the square of the form factor f (Q) for the
Nd + ion. ' All the integrated intensities in Fig. 4 are
scaled to unity at Q =0 for comparison purposes. It can
be seen from the figure that the 20.7-, 26.4-, and 93-meV
peaks are indeed crystal-field peaks since they conform
closely to f (Q). At the highest Q values ()9.25 A '),
the intensity of the 93-me V peak has decreased
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FIG. 4. Q dependence of the magnetic crystal-field integrated
intensities for the Nd&»Ceo»Cu04 system. For the crystal-field
peaks at 20.7 meV ( ), 26.4 meV (6 ), and 93.1 meV (~ ), the Q
dependence of their intensities agrees well with the square of the
magnetic form factor f ( Q ) for Nd' (solid curve). However,
the peak at 13 meV ( 0 ) increases in intensity with increasing Q,
demonstrating that there is a phonon contribution at this ener-

FIG. 5. Top portion of the figure shows the scattering inten-

sity vs Q for 13-meV scattering in Nd, „Ceo»CuO~. This
scattering can be separated into a magnetic component at small

Q, which follows the square of the Nd3+ magnetic form factor
(dot-dashed curve), and a phonon contribution which varies as

Q . The bottom portion of the figure shows the remainder of
the scattering with the magnetic contribution removed and
where we see that it follows the Q' dependence (solid curve)
quite well.

significantly, allowing the determination and
confirmation of the phonon cutoff frequency, which is at
-83 meV. Unfortunately, the intensities of the two oth-
er crystal-field peaks still dominate the scattering in the
18—32-meV region even at the highest measured Q
values, prohibiting the determination of the phonon spec-
trum in this particular energy region.

For the case of the peak at 13 meV, it can be seen from
the figure that its intensity has an upward trend with in-
creasing Q, which is better illustrated in the top of Fig. 5,
where the Q dependence of the integrated intensity is
plotted for the 13-meV peak only. Also plotted on the
top of Fig. 5 is f (Q ) (dot-dashed curve) for Nd +. It is
clear that this peak contains both magnetic and phonon
scattering. At small Q the magnetic scattering is strong-
est, while the phonon scattering ( ~ Q ) dominates the
magnetic part for high values of Q. This is better illus-
trated in the bottom of Fig. 5 where the contribution
from the magnetic scattering, which is approximated by
f (Q) in the top of Fig. 5, has been subtracted from the
total peak intensity, giving a result of a plot of only pho-
non intensity versus Q. We see that we obtain a nice sep-
aration of the magnetic and phonon scattering; the pho-
non character of the scattering at 13 meV is confirmed by
the fact that the subtracted intensity conforms to the Q
behavior, which is depicted as the solid curve in the bot-

tom of Fig. 5.
Figure 6 shows a plot of the scattering function

S(Q, co) versus energy for three values of Q, in the energy
region around 36 meV. All the data shown have been
corrected for background contributions. The top figure is
scattering associated with Q =2.73 A, and in this ener-

gy region obviously the spectrum is Oat; the extra scatter-
ing around 31 meV comes from the shoulder of the neigh-
boring crystal-field peak. In the middle figure where
scattering is shown for Q =5.23 A, increases in intensi-
ties can be seen in the 33—38-meV region developing into
some structure. The structure eventually develops into a
peak around 36 meV, which is observed in the highest-
angle (and therefore highest-Q) detectors, as shown in the
bottom figure for Q =6.34 A . Thus in spite of the fact
that the 36-meV peak is only observed for the few highest
Q values, the increasing trend in intensities is
confirmation of a peak in the GDOS at this energy. We
have also confirmed the presence of a phonon peak at 42
meV by the same analysis. In fact, the same observations
have been done on other parts of the spectrum with the
result that the energy region below 18 meV and from 30
meV up to the phonon cutoff frequency the scattering is
lattice dynamical in origin. We cannot establish the
character of the small peak at -52 meV seen in the filter
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data by this means since it is not observable in the TOF
data. However, neutron-scattering' and infrared mea-
surements reveal the existence of a zone-center mode
energy at -52 meV, which suggest that the observed
peak at this energy in the filter data might be a phonon
peak.

For the Pr& s5CeD, ~CuO4 and PrzCuO~ samples, the Q
dependence of the integrated intensities of the crystal-
field peaks are shown in Fig. 7 for peaks at energies 18
and -88 meV. The behavior of these intensities with Q
confirms that these peaks are indeed Pr + crystal-field
peaks since the data yields good agreement with f (Q)
for Pr~+ ious. s~ Unfortunately, even for the highest Q
measured, the peak around 88 meV in both samples still
contains substantial magnetic intensity, preventing a
good determination of the phonon cutoff frequency.
However, in analogy with the Nd, 8~Ce() &5Cu04 density
of states, we expect that the phonon cutoff frequency to
be somewhere between 80 and 90 meV.

To identify the origin of the peak at 36 meV in
PrzCuO~, we analyzed the Q dependence of its intensity
as depicted in the top of Fig. 8, while the same analysis
for the 30-meV peak is illustrated in the bottom of Fig. 8
for 3.5&Q &7 A '. The solid curves shown are func-
tions proportional to Q, and this describes the general
behavior of both peak intensities as a function of Q,
showing that both peaks contain scattering which origi-
nates mainly from phonons. We have also determined
the existence of these two phonon peaks in superconduct-
ing Pr& 85Ce(),5CuO4 through the same procedure. The

FIG. 6. TOF data showing the Q dependence of the scatter-
ing at 36 meV for the Nd&»Cep»CuO4 system. The increase in
scattering with increasing Q demonstrates that this is phonon
scattering.
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FIG. 7. Q dependence of the integrated intensities for the
crystal-field transitions in the Pr&»Ce()»Cu04 system. The
data symbolized by (0 ) and (~ ) represent the peaks at 17.9 and
87.9 meV, respectively, while the data symbolized by (0) and
(6 ) represent the 18.6-meV peak for the Pr2Cu04 system. The
Q dependence of the intensities of these peaks are in very good
agreement with the square of the magnetic form factor for the
Pr'+ ions (solid curve).
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FIG. 8. Q dependence of the integrated intensities for pho-
non peaks at energies 36 meV (top) and 30 meV (bottom) for the
PrzCu04 system. The solid curves are proportional to Q'.
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FIG. 9. Comparison of tunneling measurements of u I'(co)
(top) for two samples of Nd& 8,Ceo»Cu04 (Ref. 11) with the
generalized phonon density of states (bottom}. There are sub-
stantial similarities between the two spectra at lower energies,
as indicated by the presence of peaks at —14, 36, and -42 rneV
in both spectra.

scattering in the region of 52 meV may also be phonon in
origin, but there is no clear peak observed in the TOF
data. We note that infrared reQectivity measurements re-
veal a zone-center mode at this energy.

Finally, we address the question of whether phonons
may play a role in the electron-pairing mechanism in
these materials by comparing the Eliashberg-coupling
function a F(co) extracted from tunneling measurements
with the GDOS. Figure 9 displays the spectra of ct F(co)
for two samples (to convey the repeatability of the data)
of Nd& 85Ceo»Cu04 obtained from tunneling measure-
ments, " while the bottom part of the figure shows the
phonon density-of-states GDOS for Nd, 85Ceo»Cu04
taken with the filter method. The peak at —14 meV is in
good agreement with the GDOS, as are the peaks at -35
and -40 meV. The correspondence with the neutron
data at higher energies is not particularly good, but nei-
ther is the repeatability of the tunneling data, and indeed
this is not surprising as the tunneling measurements are
known to become less reliable with increasing energy.
To the extent that the comparison between the GDOS
spectrum of Nd, 85Ceo»Cu04 and the corresponding
tunneling spectrum is correct, this suggests that phonons

are to some extent involved in the electron-pairing mech-
anism in these electron-doped superconductor systems.
Since the measured GDOS in the Pr, 85Ceo»Cu04 sys-
tem reveals a different shape in some of the structures
than that of the Nd, 85Ceo»Cu04 system, it would be in-

teresting to see how the GDOS of Pr, 8~Ceo»Cu04 com-
pares with the tunneling spectrum a F(co) of the
Pr ] 8gCeo»Cu04 system. Of course, the possibility that
other excitations are also playing a role in the pairing
cannot be ruled out.

In conventional superconductors the observation of
substantial phonon softening, which is a shifting of the
phonon modes toward lower energies, as the system goes
into the superconducting state is taken as evidence of
phonon involvement in the formation of superconductivi-
ty. Measurements of the GDOS in the related system
I.a2 „Sr„Cu04 have indicated some phonon softening
when going into the superconducting state. The soften-
ing occurs in the energy region of the oxygen-vibrational
modes, yet the effect is believed to be too small to account
for the high T, values if conventional electron-phonon
models are employed. In our data, the comparison of
the GDOS between the parent insulating Pr2Cu04 and
the superconducting Pr, 85Ceo»Cu04 from Fig. 2 reveals
no appreciable softening. Instead, as the system goes
from Pr, 85Ceo»Cu04 to Pr2Cu04, substantial increases
in intensities occur between the 33 and 63 meV. These
changes likely entail a number of phonon branches and
certainly in part result from the change in the screening
in going from insulator to conductor. There may also be
a magnetovibrational contribution to the scattering in
the insulating phase, where the Cu spins are ordered.
This might affect the relative intensities of the
phonon peaks. As for the differences in the shape of
the GDOS spectrum between Pr, 8~Ceo, ~Cu04 and
Nd& 85Ceo»Cu04 below 60 meV, we can only speculate
as to whether or not any phonon modes in this energy re-
gion are affected by the decrease in the stability of the T'
structure as the rare-earth radius increases from Nd to
Pr. It would be useful to compare the GDOS with oth-
er R»5Ceo»Cu04 systems for R =Sm, Gd, but these
measurements are dificult to carry out due to the high
neutron absorption cross section of these rare-earth ions.
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