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We have studied the dynamics of the iron spins in a superconducting

YBa2(Cu0i9^Fe0i06)307 sample by neutron time of flight measurements.

The range of scattering vector q was 0.1 < q < 2,1 A"1, and the energy

resolution 80 ueV. The temperature was varied in the range

1.8 K < T < 300 K. In the whole temperature range, the q-dependence of

the magnetic intensity mainly reflects the magnetic form factor of

iron which shows that the iron spins are almost uncorrelated. The

elastic and quasielastic intensities strongly vary with temperature. A

spin glass like freezing is revealed at low temperature by a sharp

decrease of the quasielastic intensity, an increase of the "elastic"

or resolution limited intensity and a minimum in the quasielastic

width. The freezing temperature (Tf - 18 K) corresponds to that
already determined by a magnetic splitting in Môssbauer experiments.

Above Tf, the relaxation of the iron spins in the paramagnetic state
is modified by the occurence of superconductivity. We observe a slight

increase of the quasielastic intensity and of the quasielsstic width

at the superconducting transition (Tc- 74 K), possibly related to the
electron-spin coupling.
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In YBa2(Cu,.xFex)307, the dynamics of the Iron spins
provides an interesting insight in superconducting state and

its interplay with magnetism. The Fe atoms mainly substitute
for the Cu1 sites, leading to a rather slow decrease of the

superconducting temperature TC. At a lower temperature Tf, a
freezing of the iron spins occurs , as evidenced by a magne-

tic splitting in the Mossbauer spectra. The nature of the

"frozen" magnetic state and the way it coexists with super-

conductivity has been frequently discussed. Very recently,

neutron time of flight (TOF) experiments performed with spec-
trometer MIBEMOL of the reactor Orphée on a x - 0.12 sample1

with Tc « Tf « 35 K showed that this freezing was akin to the

one observed in archetypal spin glasses AuFe and CuMn2, with

a transition to the spin glass state observed by the neutrons

around 40 K. Preliminary results obtained in a x - 0.06
sample 3, where Tc and Tf are rather far from each other
(Tc ~ 74 K, Tf ~ 18 K), suggested that the relaxation of the

Fe spins in the paramagnetic state above Tf could be influen-
ced by the occurence of superconductivity. However due to the

rather poor statictics of the signal, in spite of very long

counting times, no reliable information could be obtained

about the width of the quasielastic intensity, and the low

temperature state around Tf could not be studied.
We have performed new measurements on the x - 0.06

sample studied earlier3 using the spectrometer IN6 of the

high neutron flux source at ILL, with a neutron wavelength A

of 5 A, and an energy resolution of 80 M«V. The range of the
scattering vector was 0.1 Â"1< q < 2.1 A"1. The use of 336

counters permitted to measure the q-dependence of the magne-

tic signal with a good accuracy, whereas only a few q-values

were studied previously. Due to a considerable gain in the

neutron flux, the TOF spectra were obtained with an excellent

statistics, even though the typical counting time at each

temperature was reduced from 24 hours to 4 hours. Consequent-

ly a very large temperature range was investigated, from 1.8

to 300 K, focusing on the the Tc and Tf values. As described

earlier3 the sample was prepared in Bernard Raveau

Laboratoire and characterized by neutron diffraction experi-

ments, while resistivity and magnetization measurements si-

tuated the superconducting transition around 74 K with a dia-



magnetic volume of 36% at low temperature. A second sample of

the same concentration, prepared at the John Hopkins

University, -Applied Physics Laboratory-, was also studied at

ILL and show qualitatively the same results. A non doped

YBa2Cu307sample was measured for comparison.
In pure YBa2Cu307 a TOF spectrum consist of an elas-

tic signal of nuclear origin and of an inelastic one due to

the phonons. When the temperature decreases, the elastic in-

tensity slightly increases due to Debye Waller effects,

whereas the phonon contribution decreases. In the substitua-

ted samples, the elastic intensity may have also a magnetic

contribution and we observe in addition a quasielastic signal

due to the relaxation of the iron spins. Focusing on the

quasielastic region, we report in Fig.l a typical TOF spec-

trum for the x - 0.06 sample measured at the temperature of
10 K for a q value of 0.7 A'1 .

In fig.2, we have plotted the temperature dependence

of the intensities I, and I2, measured at q - 0.7 A'
1 and

corrected for background. I1 corresponds to an integration of
the TOF spectrum within the elastic window, in the energy

range -0.2, 0.2 meV, and possesses an elastic and a quasi-

elastic contribution. I2 is the intensity integrated just
aside the elastic signal, in a purely inelastic energy range

-1.4, -0.6 meV where the phonon contribution is small.We

notice that both I1 and I2 present anomalies at the freezing
and the superconducting transitions.

The corrected spectra were fitted by the sum of a

delta function of norm c1(q) and of a quasielastic scatte-
ring function S(q,W) convoluted with experimental resolution.

Assuming a lorentzian shape for the relaxation process, and a

Bose statistics for the magnetic excitations, it may be

written :

tto/kT T 1
S(q,w> - kTc2 - x x -

where c2 and F are respectively the norm and the width of the

quasielfstic signal. cz is equal to f
2(q) X(q) where f(q) is

the magnetic form factor of iron and X(q) the static sucepti-

bility. The fits were performed in an energy range (-1.5, 2)



meV where the phonon contribution was small and could be ad-

justed at each temperature as an energy independent back-

ground.

As shown in Fig. 3, c2(q) mostly reflects the varia-
O

tion of f(q) (f(q) * e"°-06 «I In the measured q-range), which

shows that the Fe spins are almost uncorrelated. Slight en-

hancements around the Bragg peak positions suggest some short

range ferromagnetic correlations. This q-dependence remains

the same in all the measured temperature range.

The parameters c,, kTc2 and F are plotted versus tem-
perature in Fig. 4. We consider successively the high tempe-

rature regime (around and above TC), and the lew temperature
one (around Tf). In the first regime, which corresponds to a
paramagnetic state, the elastic intensity c, smoothly increa-
ses with decreasing temperature, showing no anomaly at Te.
This increase probably reflects the decrease of the Debye-

Waller factor, being similar to the behavior observed in

YBa2Cu307. The quasielastic intensity kTc2 is almost tempera-
ture independent at high temperature, which shows that the

susceptibility follows a Curie Law (cz « 1/T) ; it slightly
increases when approaching TC from above and shows a stronger
increase below TC. This anomaly at Tc was more apparent in
the intensities I1 and I2 obtained before fitting. The quasi-
elastic width F shows an intricate temperature dependence. It

decreases between 300 K and 200 K then further increases and

exhibits a change of slope at TC. In the low temperature re-
gime, we observe the usual characteristics of a spin glass
freezing, as previously reported in metallic spin glasses2

and in the x-0.12 sample 1, namely a sharp increase of the

elastic intensity c, , and a decrease of the quasielastic in-
tensity kTc2. Moreover, we can ascertain that around Tf, the
linewidth F exhibits a minimum, as already suggested from

measurements at x-0.12. These features can be understood on

the basis of spin clusters. The freezing of clusters of cou-

pled spins yields a progressive transfer from the quasielas-

tic signal to the resolution limited or elastic one. The de-

crease of F when the temperature approaches Tf from above
corresponds to an increase of the typical relaxation time

within the clusters (F - I/T). Its further increase is more

surprising : it reveals a change in the distribution of the



relaxation times which could be understood within the fractal
cluster model of Molozemov and Barbara4 as suggested in' ,

The above results represent a considerable improvem-

ent of our previous measurements. The spin glass freezing at

low temperature is now clearly ascertained. The occurence of

a spin glass state with almost uncorrelated spins does not

destroy the superconductivity. The new result is that the

neutron probe provides evidence for a change in the relaxa-

tion of iron spins at the superconducting transition. It

appears in the quasielastic signal but not in the elastic one.

This last event was first suspected from our preliminary

measurements but it is clearly ruled out in these more com-

plete and accurate data.

In an attempt to analyse the temperature dependence

of F, above and around TC, we recall that in a metal, the
spin relaxation time r (T - 1/T) is mainly controlled by the

electron density of states at the Fermi level. In supercon-

ducting metals, for non interacting spins one could expect

that F would decrease linearly with T at high temperature,

following a Korringa process (F « T), and would show a much

stronger decrease below Tc, corresponding to the disappearance
of possible relaxation processes (those involving an energy

transfer smaller than the superconducting gap). Just below

Tc, where the gap is small compared to the energy transfers
between the spins and the electrons, one could expect a small

bump in T, revealing the singularity of the electron density
of states which diverges at the gap edge in BCS theory5. This

behavior is indeed followed by the spin lattice relaxation

time 1/T1 measured in NMR experiments on the Cu
1 and 017sites

but not on the Cu11 site in YBa2Cu307.
6 It has been also ob-

served by neutrons in recent studies of the excitations bet-
ween crystalline field levels7. In our case, the temperature

dependence of F is very different. The fact that F does not

follow a Korringa law at high temperature excludes a one spin

process. The growing of clusters of coupled spins which pre-

cedes the spin glass transition, could be partly responsible

for this unusual behavior. Experiments at a lower Fe concen-

tration are planned to clarify this point.
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Figure Captions

Fig.l. Typical time of flight (TOF) spectrum measured at 10 K in

YBa2(CuQ<9̂ 00|06)307 , focusing on the quasielastic region. A positive
energy transfer w corresponds to an energy gain for the neutron. The solid

lines are fits to the data as described in text.

Fig.2. Corrected intensities I, and I2 as a function of temperature, as
described in text. I1 has an inelastic and quasielastic contribution where-
as I2 is merely quasielastic. The solid lines are guides to the eye.

Fig.3. Quasielastic intensity kTc2 as a function of the scattering vector
q. The solid line is a guide to the eye. The dashed line is the magnetic

form factor of iron (f(q) - &'°-06 1 ). The arrows situate the Bragg peak

positions.

Fig.4. Elastic intensity c^, quasielastic intensity kTc2 and quasielastic

width F (meV) versus temperature, averaged in a q range 0.4 < q < 1.2 A"1.
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