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We study the magnetic properties of the La&.s&Srv. zsCuq Fe 04 system (z = 0—0.1) in the vicin-
ity of the metal-insulator (MI) transition using static susceptibility measurements and the electron-
spin resonance (ESR) of the Fe ions. Spin-glass (SG) freezing is present for all nonsuperconducting
specimens. The iron ESR line broadens on approaching the freezing temperature, similarly to the
effect observed in canonical spin glasses. This broadening can be attributed to the in8uence of the
slowing down of spin Buctuations on the spin-spin relaxation rate. It depends differently on x on
the two different sides of the MI transition suggesting the existence of two different SG phases:
insulating (ISG) where the Fe spins couple to the Cu-spin array by superexchange interactions, and
metallic (MSG), where there exists, in addition, Ruderman-Kittel-Kasuya-Yosida-like coupling me-

diated by the free carriers. The proximity of the MI transition suppresses this coupling, giving rise
to the observed dependence of the paramagnet-SG phase boundary on x. In the MSG phase, at high
temperatures, the spin-lattice relaxation mechanism is also mediated by the free carriers. It differs
from the analogous process observed in conventional metals in that the ESR linewidth increases with
increasing T faster than linearly. We explain this behavior by assuming that the effective magnetic
field felt by the Fe moments originates mainly from the spins of holes located on the nearest-neighbor
oxygen ions. The linewidth divided by T which probes the dynamical susceptibility at the Fe site
varies as a+ bT. Here a goes to zero as the MI transition is approached and so plays the role of
the Pauli susceptibility of the free carriers, whereas b is independent of x in the vicinity of the MI
transition but decreases for small I e dopings away from the MI transition and may be identified as
originating from the antiferromagnetic spin Quctuations in the system.

I. INTRODUCTION

A large number of recent studies has been devoted to
the investigation of the nature of magnetism in the high-
T oxides and the possible connection between supercon-
ductivity and magnetism. The spin dynamics and the
mobility of free carriers in these materials are strongly
interdependent. The changes in the magnetic properties
are accompanied by evolution from insulating to metallic
and superconducting phases. Inelastic neutron scattering
provides information about the antiferromagnetic (AF)
long-range order of the insulating parent compounds and
the way they evolve upon doping with small amounts
of &ee carriers. ' While in the electron-doped materials
doping leads to a dilution of the magnetically coupled
lattice of copper spins and a decrease of the spin stiff-

ness constant, hole doping in the La2 Sr Cu04 system
gives rise to an unusual spin-glass (SG) behavior in which
the spin stiffness constant is not affected, but the long-
range AF order breaks down into small domains. The
doped holes are presumed to contribute to the creation
of effective ferromagnetic coupling between Cu spins,
leading to frustration in the long-range AF order. At
high doping levels, which give rise to superconductivity,
neutron-scattering experiments are diKcult to perform,
as a result of strong softening and damping of spin ex-
citations. Hence other experimental techniques need to
be exploited to complement the data on spin dynamics
in the metallic phase of the high-T oxides.

The method of probing magnetism in the Cu02 planes
which we use is to alter the Cu-spin array by introducing
magnetic moments different &om that of the host Cu mo-
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ment, i.e. , by substitution of Cu by other transition-metal
elements. An example is the doping of the Cu02 plane
with Zn, which has a completely filled 3d shell and there-
fore creates a spin vacancy leading to dilution of the Cu-
spin system. ' A surprising but not yet well-understood
effect, which has received great attention, is the very ef-
ficient suppresion of superconductivity by such vacancy
doping. In the Lai ssSro isCu04 (LSCO) system doped
with Zn we have found that the suppression of supercon-
ductivity is accompanied by the creation of an effective
magnetic moment. This is also true for other nonmag-
netic impurities in LSCO (Ga and Co) (Refs. 5 and 6)
and points to the complex nature of these systems.

In this study we direct our attention to the effects of
doping of the Cu-spin array by large localized magnetic
moments. As an impurity we use Fe, which is known to
substitute for Cu in LSCO in the valence state of +3 and
which retains its large magnetic moment of S = 5/2.

The efFects of magnetic impurities on high-T, super-
conductivity appear to generate less interest than the ef-
fects of vacancy doping since there is nothing surprising
in superconductivity being suppressed by magnetic ions.
Indeed, studies of the suppression of T, by various impu-
rities in LSCO show that Fe affects T the most: T goes
to zero at an impurity level x, of only 1.8 at. %%uo, whereas
other trivalent impurities without a magnetic moment
(Co and Ga) show a complete suppression of supercon-
ductivity at values of z, of about 2.5 at. %%uo . Howeve r, T,
depends linearly on the Fe content, which is not consis-
tent with the behavior found for the long-lived local mo-
ments in conventional superconductors. This indicates
that the effect of Fe doping might be more complex then
merely the introduction of the local moments.

Intuitively one might expect that a local moment
placed in an array of frustrated AF couplings should
enhance spin correlations. In the presence of strong
coupling between spin excitations and free carriers this
should, in turn, enhance localization effects. We have re-
cently made a thorough study of the transport properties
of LSCO doped with five transition-metal impurities in-
cluding Fe. Among the various impurities Fe shows the
strongest effect on low Tconductivity-, inducing a ~T de-
pendence of the conductivity up to surprisigly high tem-
peratures ( 70 K). For impurities with smaller values
of the magnetic moment the ~T dependence persists to
lower temperatures. Interestingly, however, this effect of
spin dynamics on the transport seems to be confined to
the temperature dependence of the conductivity. The
critical concentration xMp of the impurity at which the
metal-insulator (MI) transition takes place, defined as
the impurity content below which the normal-state con-
ductivity is finite as T goes to zero, does not correlate
with the efFective magnetic moment. Instead, it corre-
lates with the change in the concentration of the free
carriers induced by doping (as inferred from Hall-efFect
measurementss) and the doping-induced disorder, so that
xMi is smallest (and similar) for the three trivalent im-
purities (Fe, Co, and Ga).

In order to shed additional light on the complex inter-
play between the magnetism and the approach to the MI
transition we have performed measurements of electron-

spin resonance (ESR) and of the static susceptibility
for the Lai ssSro isCui Fe 04 (LSCFO) system with
0 & x & 0.1. In all nonsuperconducting specimens we
find evidence of SG freezing. The linewidth of the single
ESR line from Fe S = 5/2 spins is strongly temperature
dependent and refIects two difFerent regimes of the Fe-
spin relaxation: spin-spin relaxation at low temperatures
and spin-lattice relaxation at high temperatures, in close
analogy to the ESR observed in the metallic canonical
SG systems.

The linewidth broadening in the spin-spin relaxation
regime, related to the slowing down of spin fluctuations
on approaching the SG freezing temperature, scales dif-
ferently with x on the two different sides of the MI
transition. The spin-lattice relaxation is present in the
metallic samples only. Based on these results we propose
that two difFerent SG phases exist, a metallic spin-glass
(MSG) phase and an insulating spin-glass (ISG) phase.
While Fe spins couple to the Cu-spin array via superex-
change interactions in the ISG phase, in the MSG phase
there exists, in addition, coupling mediated by free carri-
ers, presumably of the Ruderman-Kittel-Kasuya-Yosida
(RKKY) type. The strength of this coupling decreases
in the vicinity of the MI transition. In Fig. 1 we show
the phase diagram for the LSCFO system. The bound-
aries between the superconducting, metallic, and insu-
lating phases are based on data published previously. '

The MSG and ISG phases are the metallic and insulating
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FIG. 1. Phase diagram for the Laq 85Sro q5Cuq Fe 04
system. Note the discontinuity in the scale between x = 4
at. % and x = 10 at. %. Solid triangles, open circles, and
solid circles denote measured values of the superconducting
transition temperature T„ the Curie-Weiss temperature !0!,
and the spin-glass freezing temperature Ty, respectively. The
dashed vertical line is drawn at xMy, the critical concentra-
tion at which the MI transition occurs. SC, M, I, and PM
denote the superconducting, metallic, insulating, and param-
agnetic phases, respectively. MSG and ISG are the metallic
and insulating spin-glass phases, as inferred from the present
experiment.
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spin-glass phases as inferred from the current experiment.
Despite some analogy to the canonical spin glasses,

the ESR linewidth in the spin-lattice relaxation regime
in the MSG phase increases with increasing temperature
faster than linearly. This is different from the behavior
observed in conventional metals. The discussion of this
result leads to interesting conclusions about the scaling
properties of the susceptibility in the vicinity of the MI
transition. In addition, we also study the effective g fac-
tor of the LSCFO system.

II. EXPERIMENT
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A set of 12 ceramic samples of
La~ 85Sro ~5Cu~ Fe 04, with x fr'om 0 to 0.1 was pre-
pared using the standard solid-state reaction method, as
described in Ref. 5. X-ray diffraction showed all samples
to consist of a single phase. The lattice parameters vary
slightly and consistently with x: The lattice parameter
along the c axis decreases by about 0.2% in the compo-
sition range studied, and along the a axis it increases by
about 0.1%.

The static susceptibility was measured with a super-
conducting quantum interference device (SQUID) mag-
netometer in the temperature range 2—400 K. The ESR
spectra were measured with a Bruker B-ER 418 spec-
trometer operating in the X band and equipped with an
Oxford Instruments E900 helium-gas-flow system. The
measurements were performed using both bulk polycrys-
talline materials and powdered samples. Because of the
skin effect, the signals &om bulk polycrystalline samples
are weak and the line shape is Dysonian. We do not
observe any anisotropic effects. The spectra presented
below are for finely ground powder with an average grain
size about 5—10 pm. The line shape is Lorentzian and
symmetric throughout most of the temperature range
except for very slight deviations at the lowest temper-
atures, as will be discussed below. We do not make any
skin-effect correction since the symmetric shape indicates
that the skin depth is larger than the grain size.

All the samples used in this study have also been used
in the studies of low-temperature conductivity and the
Hall effect.

III. STATIC SUSCEPTIBILITY

At high temperatures the static susceptibility of the
LSCFO system obeys the Curie-Weiss law

Np, ~p~y(T) = yp(T) +
y (T O),

where yp(T) is the background susceptibility, K is the
impurity content, p,g is the effective magnetic moment
introduced by doping in units of the Bohr magneton p~,
and 0 is the Curie-Weiss temperature. Figure 2 shows
the results of the measurements of y, together with the
fits of Eq. (1) to the data. In the fitting procedure we
have made some assumptions about the background sus-
ceptibility yp(T). It is about 10 times smaller than the
Curie contribution so that it is difFicult to find its precise
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temperature dependence. However, the data available for
La2 Sr Cu04 (Ref. 18) indicate that without the iron y
is approximately linear up to a temperature of about 200—
300 K. We have therefore assumed that yp(T) = gp+g] T
and, furthermore, that yq does not change with Fe con-
tent and remains equal to the value for Fe-free LSCO.
This is not precisely true, but it gives some indication of
how the value of yp(T) at T = 0 changes with doping.
This assumption about y~ leaves three parameters yo, 8,
and p,&, which we use in Eq. (1) to fit the experimental
data.

The inset of Fig. 2 shows two parameters of the fit, p ~
and yo, as a function of Fe content. Within the experi-
mental errors p ~ is constant and equal to 4.9 p~, consis-
tent with the high-spin state (S = 5/2) of Fe + ions. The
value of the parameter yo has a large uncertainty. Never-
theless, it is clear that it decreases as the MI transition is
approached. A similar decrease in the static susceptibil-
ity is also observed in the La2 Sr Cu04 system when
the Sr content is reduced and in the YBa2Cu307
(YBCO) system when the 0 content decreases.

The value of the Curie-Weiss temperature is negative,
indicating the existence of short-range AF interactions.
The absolute value of 0 is shown in Fig. 1 as a function
of x. The magnitude of 0 increases linearly for small
x, shows a saturation above x = 2 at. %, and increases
again up to about 14 K at a doping level of 10 at. %. The
initial linear increase of ~O~ with x leaves no doubt that
the Curie contribution to the susceptibility originates in
the Fe impurities.

The solid circles in Fig. 1 are the spin-glass freezing
temperatures Ty obtained from low-field (20 G) magne-
tization measurements. Below Ty irreversible magnetic

FIG. 2. The inverse susceptibility for the
Lal s58rp &5Cuz ~Fe 04 samples with x (from top to bot-
tom): 0.4, 0.8, 1.2, 1.5, 1.8, 2.1, 2.4, 2.7, 3.0, 4.0, and 10
at. %%uo . Inse t:(top ) th eeffectiv emagneti cmomen t inunit sof
the Bohr magneton, (bottom) the background susceptibility,
as defined in the text.
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behavior occurs, the details of which will be presented in
a future publication. For the samples for which they are
measured the values of Tf follow the behavior observed
for ~8~ quite closely. This indicates that SG freezing is
intimately related to Fe doping. While our experiment
does not access the superconducting state directly, the
sizable value of ~8~ in the superconducting samples sug-
gests that SG freezing may survive even below x, .

There are several ways in which Fe doping may induce
magnetic ordering in LSCO. One of them is the reduction
of the concentration of free carriers by the trivalent im-
purity leading to the MI transition. This should remove,
or substantially reduce, the frustration of the AF Cu-Cu
couplings which is present in the pure LSCO system.
The Mossbauer spectrum for LSCO doped with 10 at. %%uo

of Fe is analogous to the spectra observed in the parent
insulating La2Cu04 and may indicate that the ordering
is driven by Cu-Cu superexchange interactions. This
is likely to be true for the insulating samples. In addi-
tion, the random replacement of the Cu spins by Fe spins
should modify the spin stiffness constant. The Fe-doping
level is probably still too small to allow an efficient short-
range Fe-Fe interaction.

The situation is quite different for the metallic samples
where the change in the concentration of free carriers is
still very small. Here the free carriers fully contribute
to the frustration of the AF Cu-Cu couplings. The siz-
able value of Tf suggests that SG freezing may be driven
by the interactions of Fe moments. Even small doping
may introduce long-range RKKY-like exchange interac-
tions between the Fe spins mediated by the free carriers,
as commonly observed for metallic alloys.

A possible efFect is nonuniform localization induced by
doping. Since Fe impurities are trivalent, the doping may
create a nonuniform distribution of charge and thus con-
tribute to the formation of regions in which the concen-
tration of free carriers is reduced and the spin correlations
are enhanced. In effect, Fe impurities may become cen-
ters of small domains in which the Cu spins may be AF
aligned over short distances. Whatever is the detailed
origin of the SG freezing, it is clear that the freezing is
related to the interaction of Fe moments with the free
carriers so that the SG phases on the insulating and the
metallic sides of the transition are qualitatively different.
As we show below this conclusion is further confirmed by
the results of the ESR measurements.

IV. ESR SPECTRA

Figure 3 shows the temperature evolution of a rep-
resentative ESR (derivative) spectrum measured for the
sample doped with 2.7 at. '%%uo Fe. A resonance line with
a g factor close to 2 is visible in a narrow temperature
range, with a maximum amplitude and minimum width
close to 40.5 K. The resonance field is unchanged at high
temperatures, but at T = 22.7 K the line is shifted toward
lower fields. The shape of the line remains Lorentzian at
all temperatures, with the A/B ratios throughout most
of the temperature range close to 4.0, the value for an
ideal Lorentzian shape. The largest deviation from the
Lorentzian shape is observed for the lowest temperature,
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FIG. 3. ESR spectra of the sample with 2.7 at. Fo Fe at
various temperatures.

where the A/B ratio drops to about 3.85. This value is
still much larger then the value expected for a Gaussian
shape (2.2), and we conclude that the contribution to
the linewidth from inhomogeneous broadening is negligi-
bly small.

The intensity and width of the resonance line depend
sensitively on the Fe content, and we therefore assign
this line to the isolated Fe moments. We have calibrated
the intensity with the Bruker standard. The resulting
number of spins per sample agrees well with the nominal
Fe content.

Aside from the major resonance due to the Fe + mo-
ments, we also observe two very weak resonances centered
at g = 2.07 and at g = 4.18 in some of the samples. These
spectra disappear completely above T = 25 K and are not
affected by a change in Fe content. In fact, we have ob-
served similar low-T spectra for LSCO doped with Zn
so that these resonances are clearly not related to the
iron. The low-T lines are probably caused by a tiny
amount of some spurious phase containing the isolated
Cu + moments. After a long annealing of the samples at
low temperature the low-T resonances decrease in inten-
sity or vanish completely, whereas the Fe + signal does
not change.

The temperature dependence of the effective g factor
is shown in Fig. 4 for three samples with Fe contents
of 0.4, 0.8, and 2.7 at. %%uo . Ashar p increas eof goc-
curs at low temperature for the two samples with larger
impurity content. The increase cannot be seen for the
0.4-at. '%%uo sample because it becomes superconducting at
30 K. At higher temperatures the effective g factor is con-
stant within the experimental accuracy. An average value
of g obtained for the high-temperature region is plotted
versus Fe content in the inset of Fig. 4. The g factor for
the free Fe + ion, gpss, is equal to 2.0023. The sample
doped with the smallest amount of Fe exhibits an efFec-
tive g very close to this value. The correction to this
free-ion value of the g factor is negative and increases
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FIG. 4. Temperature dependence of the efFective g fac-
tor for samples with 0.4, 0.8, and 2.7 at. 'P() Fe. Inset: high-
temperature value of the g factor versus x.
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FIG. 5. Temperature dependence of the ESR linewidth
for samples with various x. Inset: AHp p vs x for T = 20
K (solid circles) and T = 105 K (open circles). The lines are
guides to the eye.

with impurity content.
The temperature dependence of the peak-to-peak

linewidth (AII~ ~ ) is shown in Fig. 5 for samples doped
with difFerent amounts of Fe impurity. For every sample
a characteristic increase of AHp p is present both in the
high- and the low-temperature regions. The broadening
of the resonance line depends difFerently on the impurity
content x in the low-T and in the high-T regions. This
is illustrated in the inset of Fig. 5, where we show the
dependence of AH~ ~ on x for two fixed temperatures,
20K and 105K. We see that at low temperatures the
line broadens progressively as x increases, up to about 2
at. %, and then remains constant up to 4 at. %. A large
increase of AHp p is again observed for the sample with

10 at. % of Fe.
This low-T dependence of LH~ ~ on x mimics that of

the spin-glass freezing temperature Ty (or Curie-Weiss
temperature 0) shown in Fig. 1. This indicates that the
low-T broadening of the ESR line is intimately related
to the spin-glass freezing. Taken together with the ap-
parent increase of the g factor in the same temperature
range, the ESR line broadening is analogous to that of the
ESR resonance in canonical spin glasses such as CuMn,
AgMn, AuMn, and AuFe, ~ along with rare-earth
spin glasses such as, for example, (IaGd)A12.

The broadening of the ESR linewidth in the vicinity
of Ty in spin glasses has been attributed to the modifica-
tion of the spin-spin relaxation rate by the slowing down
of spin fluctuations on approaching Ty. In the para-
magnetic regime at temperatures above Ty and in the
absence of any other relaxation mechanism the width of
the resonance line is determined by the competition be-
tween the exchange narrowing and the broadening result-
ing from the anisotropy of spin-spin interactions. As spin
fIuctuations slow down in the vicinity of Ty the narrow-
ing becomes less efFective and the width of the resonance
line increases. In the absence of any significant inhomo-
geneous broadening in our samples the low-T increase of
LHp p may be at tributed to this phenomenon.

We note that observation of the broadening of the ESR
line does not imply that a phase transition occurs at
Ty. In fact, the LSCFO system might behave similarly
to LSCO where the neutron-scattering experiments fail
to observe any divergence of the correlation length at
low temperatures. However, the ESR experiment probes
the local environment on a time scale shorter then w

where ~ is the resonance frequency. Therefore slowing
down of the spin fluctuations on approaching Ty results in
linewidth broadening independently of whether Ty marks
a true phase transition or not.

In the high-T region the dependence of AH~ „on x
is distinctly different from the low Tbehavior (s-ee inset
of Fig. 5). The resonance line narrows as x grows. This
is a consequence of the fact that in metals the spin-spin
relaxation ceases to be a dominant relaxation mechanism
at high temperatures. It is replaced by the spin-lattice
relaxation. In many cases this relaxation is mediated
by the free carriers which interact through an exchange
interaction with the local magnetic moments of the mag-
netic impurities. This should be the case for Fe+ im-
purities for which the orbital moment of the impurity is
quenched so that the direct relaxation between the local
moment and the lattice is inefFective. The approach to
the MI transition has a dramatic efFect on the relaxation
mechanism mediated by the free carriers. As the im-
purity content increases, the relaxation via free carriers
becomes slower, thus leading to a narrowing of the ESR
line.

In the following we discuss the observed spin-spin and
spin-lattice relaxation mechanisms in the LSCFO system
in greater detail.

V. LOW-T REGION: SPIN-SPIN RELAXATION

The increase in the ESR linewidth on approaching Ty
has been previously fitted to a power law of reduced
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temperature t = (T —Tf)/Tf. If there is a phase
transition at Tf, one expects that the characteristic time
of the transverse spin fluctuations will behave critically
and follow a power law. However, application of power-
law scaling to our experimental data must be done with
caution for at least two reasons. First, we do not And
independent proof of a phase transition at Tf. Second,
ESR is a local, 6nite-time probe, which involves the use
of high magnetic fields that may affect the characteristic
time of the spin Buctuations. The high magnetic fields
are probably responsible for the fact that in the canoni-
cal spin glasses power-law scaling with t is observed only
in a limited range of t. The quantitative theoreti-
cal analysis of ESR experiments is complicated, and has
so far not been done completely. Keeping in mind these
precautions we proceed nevertheless to show that power-
law scaling with t applies to the present case, albeit in a
limited range of t. While we cannot give a detailed inter-
pretation of our data in the absence of any viable theory,
we nevertheless show that the scaling analysis leads to
qualitative information about the spin-spin interactions
in the LSCFO system.

Following Refs. 10—12 we express the low-T values of
the linewidth LHp p as a function of t as

AHp p
——c(x)t

where we use the values of Tf shown in Fig. 1 for all
the samples for which they have been measured, and the
values of the Curie-Weiss constant ~e~ instead of Tf for
the rest of the samples. The coeKcient c(x) depends on
the type and strength of the exchange interactions and
on the anisotropies. In Fig. 6 we show that the quan-
tity AHp ~ /c is a universal function of t, for t between
0.8 and 6, for all of the samples. The high-temperature
deviation from linearity is caused by the spin-lattice re-
laxation mechanism. The deviation from linearity for
t ( 0.8 is commonly observed in spin glasses when the
temperature approches Tf and its origin is a subject of
debate. ' We do not attempt to study this low-t range

since in our experiment the values of LHp p for t ( 0.8
are at least one order of magnitude larger than the ones
discussed in Refs. 11 and 12 and the low-t range is not
accesible for most of the samples.

The values of the exponent p and the coefficient c are
shown in Fig. 7 as a function of x. It is seen that the
exponent is constant, with an average value equal to 1.3.
This is very close to the value of the exponent measured
for the spin glass AgMn. The coeKcient c, on the other
hand, depends strongly on the Fe content, with a mini-
mum at around x = 3 at. '%%uo. This corresponds approxi-
mately to the value of x at the MI transition, as shown
by the vertical dashed line in Fig. 7. It is plausible that
this dependence of c on x indicates that quite different
Fe-spin interactions are present on the metallic and insu-
lating sides of the transition, denoted in Fig. 7 as MSG
(metallic spin glass) and ISG (insulating spin glass). To
emphasize this difference we show in Fig. 8 a log-log plot
of c(2:) versus Tf. The points for all metallic samples
(solid circles) lie along a straight line with slope —1.3, i.e. ,

c = cMTf, where cM is a constant. Incorporating this
into Eq. (2) we see that the scaling relation for the ESR
linewidth in the MSG phase is AH~ ~ = cNI(T —Tf)
In the MSG phase the whole dependence on x of the ESR
line broadening is con6.ned to the Tf dependence on x.
On the other hand, in the ISG phase c(x) is an increas-
ing function of Tf as shown by the open circles in Fig.
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FIG. 6. Log-log plot of KHp ~ /c in the low T.region vs-
t = (T —Tx)/Tf.

FIG. 7. Parameters of the scaling equation (2) (a) the
exponent p and (b) the coefficient c(x), as a function of x.
(c) The magnitude of the average exchange constant at the
Fe site, /0, vs x.
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FIG. 8. I og-log plot of the coeKcient c vs Tf for metallic
samples (solid circles) and insulating samples (open circles).
The slope of the continuous line is equal to —1.29.

VI. HICH-T RECION: SPIN-LATTICE
RELAXATION

8. There are too few samples to specify this function.
Nevertheless, the difFerence between the MSG and ISG
samples is quite obvious and supports the conclusion of
the importance of free carriers for the interactions of Fe
spins in the MSG phase.

In Fig. 7(c) we plot the values of the average ex-
change interaction at the Fe site, defined by the equation
Zp = 3ka~e~/&S(S+ 1). In this figure the dashed verti-
cal line again indicates the MI transition. The value of
Qp is equal to 175 K at small Fe dopings, but reduces as
the MI transition is approached. If RKKY-like exchange
interactions are responsible for the large value of Qp in
the MSG phase, then the decrease of Jq with doping in
the vicinity of the MI transition is caused by a reduction
of the concentration of free carriers. It is interesting that
Qp is almost constant for very small dopings (less than 2

at. %%up )an d that thesignifican t drop in+pcoincide swith
the transition from the superconducting to the metallic,
nonsuperconducting phase. On the insulating side gp
reaches a value of only about a third of that observed
in the metal. Once all the carriers are localized, the Fe
spins are coupled to Cu neighbors by superexchange in-
teractions only, and gp again reaches a constant value.
We see that the assumption of RKKY-like interactions
in the MSG phase explains both the behavior of 0 and
the difFerence in the spin-spin relaxation rate detected by
the ESR on the two sides of the MI transition.

content. As a result the temperature derivative of the
ESR linewidth,

&T, increases sharply with decreas-d(AH )

ing impurity content. In the isothermal case the efFec-
tive relaxation rate is linearly dependent on temperature,
with both the slope and the zero-temperature intercept
independent of impurity content, but proportional to the
square of the density of states and to the square of the
8-d exchange constant. The intercept is proportional to
—0 (the Curie-Weiss temperature), so that it is negative
for positive 0, i.e. , for ferromagnetic exchange coupling.

An inspection of our experimental results shows that
the dependence of LH~ ~ on temperature and impurity
content cannot be described within the framework of ei-
ther regime. Specifically, the dependence of LH~ ~ on T
is nonlinear, as shown in Fig. 5. Even if we try to fit a
straight line to a portion of the data, the slope of this line
is not strongly dependent on x, contrary to the usual sit-
uation in the bottleneck regime. A straight-line Gt leads
to a negative value for AH~ ~ at T=O. This could be ex-
plained in the isothermal regime with a positive 0, but
the value that we observe is negative.

It is perhaps not surprising that the ESR results can-
not be interpreted by the theory of conventional metals.
NMR experiments in high-T materials also give highly
unconventional results because of the strong coupling be-
tween free carriers and the antiferromagnetically coupled
background in the Cu02 planes. AF spin correlations are
found to be important for the proper description of both
the NMR relaxation rates and the Knight shift.
To understand the ESR results we adopt the approach
used to interpret the NMR experiments.

We assume that the linewidth, proportional to the re-
laxation rate, is given by

AIIp p dr exp (i(dpi') (H(T) H(0)),

where

H = Hp+Hi,
wp is the frequency of the resonance, Hp is the external
Geld, and H is the magnetic field felt by the Fe spin such
that the efFective spin Hamiltonian 'R is given by

W = go~SF, . H. (5)

We assume further that the Fe spin is coupled to its near-
est Cu and O neighbors only:

4 4
'R = gpgySp Hp+ J()) Sp SQ + JQ ) Sp ' SQ

A. ESR 1inewidth

The spin-lattice relaxation via free carriers is a two-
step process with two characteristic relaxation times.
Depending on the relative magnitude of these two times
one usually observes in conventional metals either the so-
called "bottleneck" regime or the "isothermal" regime.
The characteristic features of the bottleneck regime are
that the efFective relaxation rate is proportional to the
temperature but inversely proportional to the impurity

with Soi = p, ~ 'p' ' and Scapi = d, a 'di ' wher
cr are the Pauli matrices, and pt, dt (p, d) are operators
that create (destroy) a hole in the 0 2p, Cu 3d orbitals.

QQ and QQ„are the exchange integrals resulting from
kinetic exchange and superexchange, respectively. As-
suming that the hopping parameter a between Cu and
0 is smaller than the other characteristic energy F (on-
site repulsions or on-site energy difFerences) one can show
that JQ is of the order of I. jf whereas QQ„ is of the order
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This expression indicates that AH& &, as measured by
ESR, probes the dynamical spin susceptibility felt by the
Fe moments, which is very close to the susceptibility felt
by the nuclear spin on the 0 site measured in NMR ex-
periments. There are some small differences due to the
nondiagonal terms (SO, S&~.) (i g j), which should not
produce any qualitative change.

We can check the validity of this reasoning by calcu-
lating AH~ ~ /T, i.e. , the quantity which should be com-
parable to 1/(TiT) as measured by NMR. In Fig. 9 we
show the temperature dependence of AH~ ~ /T for vari-
ous values of x. The rapid increase of AH~ ~ /T at low
temperatures is a result of the spin-spin relaxation mech-
anism as discussed earlier. In the high-T region in which
the ESR linewidth is given by the spin-lattice relaxation
rate, AH~ ~ /T can be described by the linear function

LH = a+bT,T
with both the parameters a and 6 dependent on x, but
in a different fashion as shown in the inset of Fig. 9. The
parameter a decreases gradually with x and approaches
zero at the MI transition. In contrast, 6 is only weakly
dependent on x, and decreases slightly with decreasing x
in the region of small x. The description given by Eq. (8)
is valid for the metallic samples only, i.e. , for Fe contents
smaller than 4 at. %. In the insulating sample (10 at. %)
there is no spin-lattice relaxation.

A comparison of Fig. 9 to the NMR results of Al-
loul, Ohno, and Mendals on Y sites shows a quali-
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FIG. 9. Temperature dependence of AHP ~ /T for various
values of x. The solid. lines represent least-squares fits of the
linear function a + 6T through the high-temperature data.
Inset: a (solid circles) and b (open circles) vs x.

of t /8, so that go » Q~„. Therefore, to a first approx-
imation, the field "felt" by the Fe moments is created by
the oxygen spins,

4

H=Hp+ ) So;.
gpss

tative similarity between the two sets of data. 1/(TiT)
has been found to be temperature independent only in
YBa2Cu307. For all the samples with smaller amounts
of oxygen, 1/(TiT) decreases when the temperature is
lowered. In the temperature range in which the ESR
experiment was performed 1/(TiT) displays an approxi-
mately linear dependence on T. Similar results have been
obtained by Takigawa et a/. for the NMR relaxation
rate measured on the 0 site in YBa2Cu306 63.

Since AH~ ~ /T probes the spin susceptibility "felt" by
Fe moments, one may predict that Eq. (8) may cease to
be valid if one increases the Sr content above 25 at. %
so that Lai 75Sr025Cu04 becomes a normal metal. In-
deed, a qualitative change in the behavior of the ESR
linewidth for large Sr dopings has been observed by On-
oda and Sato, although they did not study the effect
quantitatively.

Equation (8) suggests that at least in the limited tem-
perature range of our measurements one can divide the
total susceptibility into two parts. The temperature-
independent part a dissapears at the MI transition and
therefore plays the role of a Pauli susceptibility of free
carriers. The remaining T-dependent part may then be
associated with the AF spin fiuctuations. This part re-
mains relatively constant as a function of x in the vicinity
of the MI transition, and decreases only for small doping
levels, suggesting that the role of the spin Auctuactions
diminishes as one goes away from the MI transition.

It is evident from Fig. 9 that the decrease of a is not lin-
ear with increasing x. It is useful to examine the depen-
dence of a on the distance to the MI transition, de6.ned as
xMy —x, where xMy is the critical concentration at which
the MI transition takes place. Our low-temperature con-
ductivity measurements lead to a scaling law for the
zero-T conductivity, op (xMi —x)", with xMi equal to
3.6 at. % Fe and a critical exponent v equal to 1. This
exponent is commonly observed at the MI transition in
homogeneous metal-nonmetal mixtures in which disorder
is present on the atomic length scale. The exponent of
one is consistent with the predictions of the scaling the-
ory for the interaction-driven MI transition for the case
of strong spin-flip scattering in the presence of long-range
interactions. In Fig. 10 we show a log-log plot of a and
op versus (xMi —x)/xMi. A least-squares Bt gives a crit-
ical exponent for a equal to 2.07 + 0.2. In other words,
the parameter a scales to zero with an exponent twice as
large as for the conductivity.

To complete the picture of the scaling properties it
would be interesting to know the scaling exponent for
the static susceptibility in our samples and how it is re-
lated to a. Unfortunately, this is dificult because of the
large Curie-Weiss term in the static susceptibility. We
can, however, at least compare a and the yo part of the
susceptibility which was de6ned in Sec. III and shown in
Fig. 2. This comparison is presented in Fig. 11(a). It
is evident that a decreases with decreasing yo as the in-
sulating phase is approached. The large uncertainty of
yo prevents us from ending the exact functional relation
between a and yo.

There are various possibilities for the difference in the
critical exponents of the relaxation rate and the conduc-



SPIN DYNAMICS IN THE Lai. ssS&0. IsC&I —x Fex04 ~ ~ ~

10-

0.1
0.1

La, Qro„sCu, „Fe„0~

~ 1000

I

. 100
b

ity of an impurity. Then AH& z /T, which probes the
strictly local environment of the impurity, would "feel"
localization effects more strongly than the conductivity,
which is an average property of the sample. This would
be quite reasonable since the Fe impurity has a valence of
3+ and may therefore attract a negative charge. On the
basis of the present experiment we cannot decide which
one of the above explanations is appropriate. It would
be interesting to determine whether the difFerence in the
scaling exponents is a property of this specific MI transi-
tion caused by the substitution of Fe ions into Cu sites or
is a more general feature present in other high-T oxides.
We are planning further experiments to investigate this
question.

B. E6'ective g factor
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FIG. 10. Dependence of a and rro on (xMr —2:)/xMr ~ The
least-squares fits give scaling exponents for a and oo equal to
2.07 and 1.00, respectively.
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tivity. In a conventional metal the spin-lattice relaxation
rate is proportional to the square of the Pauli susceptibil-
ity. One interesting possibility is that this relation holds
also in the present case so that the scaling exponent of
the susceptibility is 1. On the other hand, the scaling
exponents of the conductivity, the susceptibility, and the
relaxation rate may be quite different from one another
in the vicinity of the MI transition. In fact, the studies of
Si:P (Ref. 30) indicate a difference between the temper-
ature dependence of the macroscopic susceptibility and
the local susceptibility probed by the Knight shift. The
results are interpreted in terms of inhomogeneous spin lo-
calization. For the present MI transition one can imagine
that localization efFects might be enhanced in the vicin-

So far we have discussed only the relaxation rates. An-
other quantity measured in our experiment is the effective
g factor. As shown in the inset of Fig. 4 the g factor is
close to the free-ion value gFI ——2.0023 for small x and
decreases when the insulating phase is approached. The
comparison of the g factor to the static susceptibility yo
and to the intercept a is presented in Figs. 11(b) and
11(c). From Fig. 11(c) we find g;„, the g factor in the
insulating phase at a = 0, to be 1.g84 (+0.001). Despite
the large error bars, it is clear from Fig. 11(b) that the de-
crease in yo correlates with the decrease of the g factor.
Therefore at least part of the deviation of the g factor
from the free-ion value is the result of the coupling of the
Fe moments to their 0 neighbors. Hence the effective g
factor may be expressed as

geff —gpI + 8g + Ag)

where Ag is due to the Fe-0 coupling and bg repre-
sents all the other deviations not related to this coupling.
In the insulating phase there are no holes in the 0 or-
bitals so that Lg ~ 0 when g ff m g;„. It follows that
g; = gFI + &g and bg & 0. The deviation of g;„ from the
free-ion value results from corrections not related to the
Fe-0 interaction. In the presence of free carriers a pos-
itive Ag must be added, bringing the effective g factor
nearly to the free-ion value. The sources of the correction
unrelated to the Fe-0 coupling may include, for example,
the spin-orbit coupling which, in the case of the d elec-
tronic configuration, can introduce a small admixture of
the excited state Ps to the ground state Ss . The re-

2 2

suiting deviation of the g factor can in principle be of
either sign, although it is negative in the present case. In
most systems the corrections are small, of the order of
3 x 10, but larger corrections were also observed, e.g. ,

g ff ——2.019 for Fe + in ZnS.

1.97C
3 4 5
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FIG. 11. (a) The coefficient a as a function of go. (b) The
g factor as a function of yo. (c) The g factor as a function of
the coefficient a.

VII. CONCLUSIONS

We have used the measurements of susceptibility and
the electron-spin resonance of Fe ions to probe the mag-
netic properties of the LSCFO system as it is tuned, by
Fe doping, through the superconductor-metal-insulator
transition. SG freezing is observed for all nonsupercon-
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ducting specimens. Althougth our experiment does not
probe superconducting samples below T directly, the
sizable value of the Curie-Weiss temperature suggests
that SG freezing may survive also in the superconducting
regime.

In the metallic specimens the ESR refiects two different
regimes of Fe-spin relaxation: the spin-spin relaxation at
low temperatures and the spin-lattice relaxation at high
temperatures, in analogy to the metallic canonical spin
glasses. In the insulating specimens the spin-lattice re-
laxation is absent. The ESR linewidth broadening in the
spin-spin relaxation regime originates from the slowing
down of spin fI.uctuations on approaching the SG freez-
ing temperature. The linewidth scales differently with
the Fe content on the two difFerent sides of the MI tran-
sition. This is consistent with the existence of two dif-
ferent SG phases, the metallic (MSG) and the insulating
(ISG). In the ISG-phase Fe spins couple to the surround-
ing Cu-spin lattice via superexchange interactions. In the
MSG phase there exists, in addition, the RKKY-like cou-
pling mediated by the &ee carriers, which is suppressed
by the proximity of the MI transition. This suppression
accounts well for the dependence on x of the paramagnet
spin-glass phase boundary.

The spin-lattice relaxation in the MSG is mediated
through an exchange interaction of the free carriers and
the Fe moments. It difFers from the analogous process ob-
served in conventional metals in that the ESR linewidth
increases with increasing temperature faster than lin-
early. We are able to explain this dependence success-
fully by assuming that the effective magnetic field "felt"
by the Fe moments originates mainly from the spins of
the holes located on the nearest-neighbor oxygen ions.
The linewidth divided by T probes the dynamical spin
susceptibility at the Fe site. It depends linearly on the
temperature AH~ ~ /T= a + bT, with the parameter o,

gradually decreasing to zero as the MI transition is ap-
poached, and 6 only weakly x dependent, mostly in the
region of small x, i.e. , away from the MI transition. This
result indicates that, at least in the limited temperature
range in which ESR probes the spin-lattice relaxation,

one can divide the susceptibility into two parts: a, the
part which plays the role of a temperature-independent
Pauli susceptibility of the free carriers, and bT, the part
which appears to have its origin in the AF spin Quctua-
tions of the system. We find that the scaling exponent
for a is close to 2, twice as large as the scaling exponent
for conductivity, as measured for the same samples. The
difFerence in the scaling laws may indicate, among other
possibilities, that a is proportional to the square of the
Pauli susceptibility, as in conventional metals. The difFer-
ence may also originate from inhomogeneous localization
in the vicinity of the MI transition.

Finally, we would like to emphasize another possible
implication of our ESR data. NMR indicates different
temperature dependences of the nuclear relaxation rates
measured at the sCu sites and at 0 (or Y) sites in
YBCO, which are interpreted as originating from short-
range AF spin correlations, and more specifically &om
the vanishing of the form factor at rl = (vr, 7r) in the case
of 0 or Y nuclei. There are not enough NMR data
for the La2 Sr Cu04 system to determine whether the

0 and Cu relaxation rates in this compound behave
similarly to those in YBCO. However, if the behavior is
similar, the form-factor argument cannot explain the re-
sults of our experiment. We find that LHp p measured
at the Fe sites behaves similarily to the 0-site NMR re-
laxation rate. Since the Fe spin is at the Cu site, it is not
clear why AF correlations should be filtered out at the
Fe site. Therefore the currently accepted models of the
relaxation rate in the presence of AF correlations seem
to require some modification to be able to account for
the present experiment.
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