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Intense spallation neutron sources can provide a useful eV neutron flux in the energy
range 1-100 eV, which is much more intense than has ever been available from
steady state sources, and makes two fruitful techniques possible. One is an eV
neutron scattering technique, which allows the impulse approximation limit to be
approached. In this limit, the scattering function is simply related to the momentum
distribution n(p) of the struck particle (mass M) by [1,2]

5(Q,hw— R) = / dp8(hw — R— hQ - p/M)a(p), (1)

where £Q is the momentum transfer and R = h2Q?/2M the recoil energy. If
n(p) is Gaussian, S(Q, hw — R) can be written as

5(Q, hw — R) = (V270g) ™" exp (—(hw — R)?/20%). 2)

In this equation, o = V2RkpTer and kpTeg = (2/3) < K >, where < K > and
T.g are the mean kinctic energy and the effective temperature, respectively. The
mean kinetic energy and the effective temperature are related to the density-
of-state f(E) . Thus,
Ep
kT = (2/3) < K >= (1/2) / Ef(E)coth(E/2ksT)dE. (3)
0
T is the real temperature of a sample and Ep the maximaum energy of f(E) .
If f(F) x E? (Debye model), Teg is given by
kBép
ks Tor = (3/2) / E*coth(E2ksT)dE/ (ksbp)’, @)
0

where 8p is the Debye temperature. This method has been applied to measure-
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ments of the momentum distribution in pyrolytic graphite, superfluid helium
and metal hydrides. Some successful results have already been obtained [3,4,5).
In eV neutron scattering, atoms in a solid are considesred to be "free atoms”.
Hence, the overall scattering function, S;., for a mixed system, such as com-
pounds and alloys, should be written as a sum of the scattering functions of
atoms A,B,C- - - :

S =y, 05 NP-S9(Q,hw — R), (5)

i=A,B,C-

where Ry;), ag)
and number density. Let’s consider a compound composed of two kinds of atoms
(Aand B; Mg > My ). If R4 >> Rp, Siear has two distinct peaks around
hw = R4 and hw = Rg, corresponding to scattering from atoms A and B. This

and N, y) are the recoil energy, neutron scattering cross section

unique nature of eV neutron scattering provides an opportunity for the direct

observation of the motion of a specific atom, separated from the others.

Another one is an eV neutron absorption technique. Many heavy atoms,
such as T'a, U, Sb, Ba and Ho, have large neutron resonant absorption in the
energy range 1-100 eV, and the cross section of neutron absorption, o, is also

described using the effective temperature in the weak binding approximation,
as follows [6]:

o = oof(2v/A) / dy exp [~(€/2)%(z — 9Pl (1 + #7), (©)

where z = 2(E — Ey — R)/T;, € =T;/A, R = (m/M)E; and A = 2,/RkgTe;;.
Here, m is the neutron mass and ¢4 the peak cross section of neutron absorption.
The intrinsic line width, T; , is defined as the full width at half-maximum of
the resonance. Since a specific atom is identified by the resonance energy, Eq
, one can measure the effective temperature of the specific atom by using the
width of the resonance peak, apart from the other atoms in a mixed system.
The finite thickness of the absorbing material leads to self-shielding effects, and
the probability for neutron absorption is given by [6]

Po(E) = 1 - exp(~ngo), @
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where ny is the number density of the resonant absorbing atoms per unit area
perpendicular to the neutron beam.

A schematic layout of an eV neutron scattering spectrometer is shown in
Fig.1(a). Pulsed white neutrons produced at f, on the moderator are scattered
by a sample, and the scattered neutrons of final energy £ are captured by a
resonance foil. The probability of neutron absorption of the resonance foil also
can be described by P,(£y) in Eq.(7). Promptly after the neutron capture, a
4 -cascade is emitted from the resonace foil, which is detected by a scintillator.
The energy of the incoming neutrons is determined by the time-of-flight(TOF).
In this geometry, the TOF scattering spectrum Ig(t) is given by

Is(t) = / dXredX sdX pdBydBrdto Pa(Ey ) I(E, 0)5(t — to — b/ — Uy [vg)

XV Ef/Ei'S(Q)w_R)7 (8)

where §; = | X, — X.|, Iy = | X, — Xp|, cos = (Xp — Xs) - (X5 — Xp)/lily and
(M/m)R = K*Q?/2m = E; + E; — 2,/E;E; cos 6. Here, I(E;, 1) is the neutron
intensity of energy F; at the emission time ¢y on the moderator. F,v and [ are
the neutron energy, neutron velocity and flight path length, respectively, and
i and f refer to incoming and scattered neutrons. Xp,Xs and Xp represent
positions on the moderator, the sample and the detector, respectively. Fig.1(b)
shows a schematic layout of the neutron absorption spectrometer. The prompt
capture v -cascade produced in the sample is detected by a scintillator and the
energy of the incoming neutrons is determined by TOF. The TOF spectrum of

the resonant neutron absorption, [4(t), is given by
IA(‘t) = /dEde;dtoPA(Ef)I(E;,10)6(t — g — l;/v;). (9)

The discovery of superconductivity in the temperature range 30-100 K for
the La-Cu-O system (7] and the Y-Ba-Cu-O system [8,9] is one of the most

exciting events in the recent solid state physics. Many attempts to explain such -
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Fig. 1 Layout of an eV neutron scattering spectrometer (a) and a neutron
absorption spectrometer (b).

extraordinarily high 7. values have been made with the conventional electron-
phonon coupling theory [10,11] as well as with non-phonon mechanisms [12].
The most direct test for such theories is to look for the predicted excitations by
using inelastic neutron scattering techniques. Actually, many experiments have
been performed using thermal and epithermal neutrons in the energy range
E; <1 eV [13,14]. As mentioned above, the eV neutron scattering and eV
neutron absorption experiments also can provide new important information
for the understanding of the high-T. mechanism, which has never been obtained
by ordinary neutron scattering experiments. For the first time, I applied these
methods to the observation of the motions of the specific atoms in La-Cu-O and

Y-Ba-Cu-O systems. In this paper, I will report a procedure of the application.

Each powder sample of copper metal, CuO , LagCuOy4 and Y Ba;,Cu30y
was held in a zirconium cell of 10-mm diameter, 8-cm height and 50-gm thick-
ness, and set at a distance of 8.361 m from the moderator surface. A resonance

foil of tantalum (5 cm X 5 cm) at room temperature was installed at a distance
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of 0.15 m from the sample with fixed at an angle of 159 degrees. Scattered
neutrons with a final energy of E; = 4.28 eV were detected by a tantalum
foil with a scintillator. In these conditions, @ ~ 90A™! was realized. Figs.2,
3, 4 and 5 show the neutron scattering TOF spectra of copper metal, CuO
, LaaCu0, and Y Bay;CusO7 , in which the background has been subtracted.
These TOF spectra were measured at a channel width of 0.5 usec. I calculated
the single scattering and multiple scattering TOF spectra and plotied them
in Figs.2, 3, 4 and § as solid and doted lines. In these figures, the thin solid
lines, the doted lines and the thick solid lines represent the single scattering
spectra calculated by Eq.(8), calculated double scattering spectra and the sum
of those, respectively. In the case of copper metal, the effective temperature at
T = 300 K was calculated to be 319 K using the Debye temperature of copper
metal, fp = 343 K (see Eq.(4)). The TOF spectrum was calculated with Teg
= 319 K and compared with the measured data. Good agreement between the
calculated spectrum and the measured data was obtained, as shown in Fig.2.
This result suggests that the Debye temperature can be well estimated from
the effective temperature using Eq.(4). For a mixed system, such as CuO , the
TOF spectrum should be calculated using Eqs.(5) and (8). A fit was made to
the measured spectrum using the effective temperatures of Cu and O as param-
eters. A satisfactory fit to the measured spectrum was obtained with Tog = 375
K for Cu and Tg = 550 K for O , as shown in Fig.3. For a more complicated
compound, such as LayCuQy , the TOF spectrum can also be calculated by
using Egs.(5) and (8). The total scattering Siotar in Eq.8 should be written as
the sum of three components. A similar fit was made to the measured apectrum
of LayCuO; using the effective temperatures of Cu , O and La as parameters.
A good fit was obtained with Tog = 600 K for Cu , Teg = 550 K for O and Teq
= 500 K for La , as shown in Fig.4.

Y Ba;Cu30y is a very complicated system comprising four kinds of atoms.
1t is, of course, possible to perform a similar fit with many parameters, though
a precise determination of the effective temperatures seems to be very difficult.

Therefore, I tried, at first, to detemine the effective temperatures of Ba and Y
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Fig. 2 Neutron scattering spectrum of copper metal at 300 K. The thick solid line
is a calculated spectrum with Tg4=319 K. The thin solid line and dotted line are
calculated single and multiple scattering, respectively.
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Fig. 3 Neutron scattering spectrum of CuQ at 300 K. The thick solid line is a
calculated spectrum with Tg¢=375 K (Cu) and Te4=550 K(O). The think solid lines

and the dotted line are calculated single and multiple scattering, respectively.
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Fig. 4 Neutron scattering spectrum of La;CuQ, at 300 K. The thick solid line is a
calculated spectrum with Tog=600K (Cu), Te=550 K (O) and Te#=500 K (La). The
thin solid lines and the dotted line are calculated single and multiple scattering,
respectively.
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Fig. 5 Neutron scattering spectrum of YBa,CuzO; at 300 K. The thick solid fine is
a calculated spectrum with Toy=750 K (Cu), Tg=550 K (O), To#=300 K (Ba) and
Te=300 K (Y). The thick solid lines and the dotted line are calculated single and
multiple scattering, respectively.
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by neutron absorption experiments, and then to fit to the measured data using
only two effective temperatures of Cu and O as parameters. I performed neu-
tron absorption experiments on HoBa,CuzOy instead of Y BayCusOy , since
185 Ho and 13 Ba have very large neutron resonant absorptions at 3.92 eV and
24.4 eV, respectively. However, Y has no neutron resonant absorption in the
energy range 1-100 eV. HoBayCu30y is isostructural to Y Ba,Cu30; , and its
transition temperature is the same as that of Y BayCu3O [15]. Therefore, the
effective temperatures of Ho and Ba in HoBa;Cu30; is considered to be the
same as those of Y and Bain Y Ba;Cu307 . In order to test the neutron absorp-
tion spectrometer, neutron absorption experimnts were performed on holmium
metal foil (5 cm x 5 c¢m, 25 pm) at 300 and 20 K. The TOF spectra, I4(%),
was calculated by Eq.(9) and fitted to the measured spectra using the effective
temperature of Ho as a parameter. Excellent fits to the measured spectra at
300 and 20 K were obtained with Ty = 300 K and T.g = 80 K, respectively. In
the calculation of [4(t), I used I'; = 87 meV and oy = 9510 barn, which were
taken from ref.(16), and ny = 7.95 x 10'° ¢m~2 which was calculated from the

foil thichness. These results were consistent with a previous measurement [17].

I prepared a sample of HoBay;Cu3O7 (2 cm x 2 ¢cm and 0.2 mm thick) and
set it on the sample position. n, ’s of Ho and Ba in this sample, were 6.5 x 10'®
cm™? and 13 x 10'® ¢m™?, respectively. Figs.6 and 7 show the TOF neutron
absorption spectra of Ho and Ba in HoBay,Cu307 , which were simultaniously
measured at 300 and 20 K. The channnel width was 0.125 usec. I4(¢) for Ho
in HoBay,Cu30O7 was calculated with the same values of I'; and oy as those
used in the calculation for holmium metal. The solid lines in Figs.6(a) and
(b) were calculated with Teg = 300 K and T.gx = 80 K, respectively. Excellent
agreement with the measured spectra was obtained. Note that the effective
temperatures of Ho in HoBayCusOy are the same as those of holmium metal
at both 20 and 300 K. These results indicate that the Debye temperature of
Ho in HoBa;Cu30y is the same as that of holmium metal. 1,(¢) for Ba in
HoBay;Cu3O7 was also calculated using I'; = 124 meV and o, = 4680 barn,
taken from ref.(16). Since the Debye temperature of barium metal is 116 K,
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Fig. 6 Neutron absorption spectra of Ho in HoBa,Cu30; at 300 K and 20 K. The

solid lines are the calculated spectra with To4=300 K (a) and T4=80 K (b),
respectively.
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Fig. 7 Neutron absorption spectra of Ba in HoBay,CugO5 at 300 K and 20 K. The
solid lines are calculated spectra with T¢;=300 K (a) and T 4=45 K (b), respectively.
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the effective temperatures of barium metal at 7' = 20 K and T = 300 K were
calculated to be 45 and 300 K, respectively. The solid lines in Figs.7(a) and (b)
were calculated with T.g =300 K and T,z = 45 K, respectively. Good agreement
with the measured spectra was obtained. These results also indicate that the
Debye temperature of Ba in HoBay,Cu3z07 is the same as that of barium metal.
From these results, the effective temperatures of Y and Ba in Y Ba;Cu307 at
T = 300 K were assumed to be Ty = 300 K. Then, the effective temperatures
of Y and Ba were fixed and a fit was made to the neutron scattering spectrum
of Y BayCuy O using the effective temperatures of Cu and O as parameters. A
satisfactory fit to the measured spectrum was obtained with T,y = 750 K for

Cu and Ty = 550 K for O, as shown in Fig.5.

Table I shows the effective temperatures of O and Cu in copper metal, CvO
, LaaCuOy and Y BayCu3Or , obtained by the present experiments. Note that
the effective temperature of O is 550 K in CuO , LayCuO4 and Y Bay,CusOy .
This value is almost the same as the effective temperature of O in H,0 at T =
300 K, Teg = 500 K [5]. My results may suggest that the effective temperature
of O is almost independent of the structure and the bonding atom. The most
interesting result in my experiments is that the effective temperatures of Cu
in LayCuO, and Y BayCu3zO; are much larger than those of CuO and copper
metal, and that the effective temperature of Cu in Y BayCu30r is larger than
that in La;CuOy . The neutron absorption spectra of Ta in T'aC and T'ayOs

were measured in order to determine the effective temperatures of T'a. The

results show that the effective temperatures of T'a are almost the same as that
of tantalum matal in a wide temperature range of 40 - 300 K {17]. Generally,
the effective temperature of a heavy atom in a compound with light atoms is
considered to be the same as that of the pure heavy atom’s metal, independently
of the bonding atoms. My results for Cu in La;CuO, and Y BayCuzO; are
opposed to ’the sound consideration’. This suggests that the Cu vibration is
abnormal in La;CuO4 and Y Bay;CuzO7 . It might be interesting to calculate
the Debye temperature by Eq.(4) in order to make.a rough estimate of the
density-of-state. The dashed line in Fig.8 shows the relation between the Debye
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temperature and the effective temperature at T = 300 K. By this relation,
the Debye temperature of O was determined to be about 1400 K, and the -
Debye temepratures of Cu in Lay,CuOy and Y BayCuzOr were determined to
be about 1500 and 2000 K, respectively. This indicates that the O vibration
spectrum extends to 120 meV in CuO , LayCuOy4 and Y BayCuz0; , and that
Cu vibrations in La;Cu0O4 and Y Ba;CuzOr may extend to 130 and 170 meV,

respectively.

(6] Cu
Teff (K) / 6p(K) Tesr (K) / 6p(K)
Copper metal 319 / 343
CuO 550 / 1400 375 / 700
LapCuOy 550 / 1400 600 / 1500
YBapCuz07 550 / 1400 750 [/ 2000

Table | Effective temperatures and the Debye temperatures of O and Cu.
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Fig. 8 Relation between the effective temperature and the Debye temperature at
300 K.
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