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We report magnetization measurements in La, 96Sro 04CuQOj, which has neither antiferromagnetic long
range order nor superconductivity. All the features that characterize a canonical spin-glass transition

are seen: irreversibility, remnant magnetization, and scaling behavior.

from a small density of effective free spins.

PACS numbers: 74.25.Ha, 74.72.Dn, 75.10.Nr, 75.40.Cx

The phase diagram of La,—,Sr,CuQOy is quite rich, in-
cluding the antiferromagnetic phase for x = 0.02, an inter-
mediate region for 0.02 < x < 0.05 characterized by 2D
weak localization and unusual short range 2D magnetism,
and the high T, superconducting phase for x > 0.05 [1].
Each of these ranges contains new and important physics
issues. Further, because the magnetic and electronic prop-
erties evolve continuously as a function of doping, a thor-
ough characterization of the entire phase diagram may
provide clues about the origin of the superconductivity.
We focus here on Laj 96Srg94CuQy4, which is in the inter-
mediate region with neither long range antiferromagnetic
order nor superconductivity. Aharony et al. [2] predicted
a novel spin-glass (SG) phase at such intermediate x.
However, although experimental evidence for slowing
down of the spin fluctuations has been found in neutron [3],
muon spin relaxation (uSR) [4—6], and nuclear quadrupole
resonance (NQR) [7] measurements, there has been no re-
port of the magnetization behavior typical of canonical
SGs: irreversibility and remnant magnetization below the
glass transition and scaling behavior above and below it
[8]. We report here measurements of the dc magnetiza-
tion of a single crystal of Laj 9Srg04CuO4 that show all
these features. Notably, although neutron measurements
show that there is a staggered magnetization corresponding
to one spin per Cu atom, the system has a uniform mag-
netization characterized by a very low density of effective
free spins that undergo a conventional three-dimensional
SG transition.

The single crystal used for this experiment was a small
piece (2 X 2 X 4 mm® with the ¢ axis normal to the
largest face) cut from the same crystal used for the neu-
tron scattering and conductivity measurements of Keimer
et al. [3]. It was grown by the top-seeded solution method
using CuO as a flux [9]. The neutron results show short
range antiferromagnetic order with a correlation length that
is about 40 A and independent of 7 below 250 K. There
is indirect evidence [3] that, although the spins behave
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The magnetic moment arises

like three-component Heisenberg ones at high 7', they may
cross over to XY-like behavior at T ~ 20 K. This is also
the temperature below which a central (near zero-energy
transfer) peak begins to grow with decreasing 7', showing
that the spin fluctuations slow down on the time scale of
picoseconds, determined by the resolution of the neutron
spectroscopy. Magnetization measurements were made
with a Quantum Design Superconducting Quantum Inter-
ference Device (SQUID) magnetometer at fields between
0.02 and 5.5 T applied parallel (H|lab) and perpendicular
(Hl|¢) to the CuO; planes.

The zero-field-cooled (ZFC) and field-cooled (FC)
magnetizations M at H = 0.02 T for the two field direc-
tions are plotted in Fig. 1. History dependence sets in at
the irreversibility temperature, identified by the splitting
of the ZFC and FC curves. This irreversibility tempera-
ture is the same for H|lab and Hl|lc. A peak is evident
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FIG. 1. Magnetization versus temperature for a field of 0.02 T

applied perpendicular (H||c) and parallel (H||ab) to the CuO,
plane. The field-cooled (FC) data deviate from the zero-field-
cooled (ZFC) data at low T indicating irreversibility. The data
for Hllc have been shifted by 1077 cm?/g. Inset: A plot of
xXT vs T at H = 5.5 T demonstrates the Curie behavior.
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in the ZFC magnetization near 7 K at low field, especially
for H|lab. Such a sharp peak in the ZFC magnetization,
which broadens with increasing field, is one identifying
feature of a spin glass.

Before discussing other aspects of the SG behavior
we examine the magnetization at high 7. Between ~20
and ~100 K the Curie form, y = yo + C/T, provides
an excellent fit to the 7 dependence of M = yH for
fields between 0.02 and 5.5 T [10]. A fit by the Curie-
Weiss form gives a Curie-Weiss temperature @ = 0
within experimental error. We find yo = 0.4 X 1077
and 2.1 X 1077 cm?/g for H|lab and H]||c, respectively.
Xo contains a diamagnetic contribution from the ion
cores, and a paramagnetic contribution from the Cut? d
electrons. The Van Vleck susceptibility of the latter is the
origin of the large anisotropy of yo. The inset of Fig. 1
shows a plot of 7 vs T at 5.5 T illustrating that C, which
has the value (4.7 = 0.05) X 107° cm’ K /g, is isotropic.
Using g = 2 and S = 1/2, this value corresponds to only
0.5% of the Cu spins or ~10% of the Sr atoms. Thus, the
moment apparently arises from a small density of weakly
interacting spins with an isotropic g tensor.

Because it is so small, the Curie contribution has often
been attributed to impurities or defects [11]. The starting
materials contain less than 0.1 at.% of paramagnetic
impurities. We have prepared a number of single crystal
and sintered powder samples with x in the range 0.03 to
0.04. Typically, we find an effective spin density (S =
1/2, g = 2) of ~0.5%. However, two of the samples had
effective spin densities of ~0.2% and ~5%, respectively.
There is no obvious correlation of these varying spin
densities with the purities of the starting materials or the
method of preparation. In spite of these variances, all
samples exhibit the same basic magnetic behavior. Thus,
the results we discuss in this paper are almost certainly
intrinsic to the doped CuO, layers.

As is typical of spin glasses [12], the magnetization for
T < T, remains after the field is turned off. Figure 2
shows the magnetic moment measured 1 h after setting
the field to zero. For the ZFC case the field was applied
for 5 min at 2.2 K and then turned off. The behavior of
this remnant magnetization is typical of canonical spin
glasses such as Cu:Mn and Eu;—,Sr,S [8]. The time
decay of the magnetization can be well described by
the standardly used stretched exponential form, M(r) =
Myexp(—at!™). From a fit with the latter (see inset of
Fig. 2), we find 1 — n = 0.31 %= 0.07. Although the data
are not sufficient to prefer uniquely this functional form
(one can also fit with M ~ My — alnt), it is encouraging
to note the consistency of n with theoretical predictions
[13] and with experiments on traditional spin glasses
[14,15], which also give 1 — n ~ 1/3.

The last feature that is used to identify spin-glass
ordering involves the nonlinear susceptibility yn =
03M /dH?3|y—o. More generally, a spin glass is expected
to show scaling behavior, one manifestation of which is
the divergence of y, as H — O and T — Ty, where T, is
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FIG. 2. The remnant magnetization is plotted versus applied
magnetic field. The moment is measured 1 h after setting the
field to zero. The inset shows the time dependence of the
moment immediately after the field is set to zero. The line in
the inset is a stretched exponential (see text).

the SG transition temperature. xy) is usually measured by
an ac susceptibility technique, which was not available to
us, or by measuring M vs H at low field. Unfortunately,
since the effective spin density is so low in our material, a
very small contaminant moment [10] makes it impossible
for us to measure M(H) at very low field. Therefore, we
have explored the scaling behavior in a different way.
Scaling theory predicts that

X = X0 = (= q) = S0~ Wl (H /1],

(1)

where 7 is the reduced temperature t = (T — T,)/T,, q is
the SG order parameter, and the scaling functions f4 and
f— apply for + > 0 and ¢ < O, respectively [16]. This
expression reduces to the Curie form at high 7 where
g = 0. Equation (1) also predicts that y,; diverges as
H — O0and T — Ty; in particular, an expansion of M for
small H using Eq. (1) gives coefficients of H> and H° that
are predicted to follow y3 ~ |f|7” and ys ~ |¢|~B+27).
For t < 0, Eq. (1) predicts that ¢ ~ |¢|# for H = 0, that
is, f—(0) is nonzero, while f(0) = 0.

Using our measured values of C and y, we extract
g(T) from the FC measurements of y and plot it for
various fields as shown in Fig. 3. For Hl|lab, g shows
evidence for a phase transition at 7 K, which broadens
with increasing H. For Hllc, g appears to grow with
decreasing T between ~20 and 7 K even at H = 0.02 T.
This behavior is seen in several samples prepared in
different ways. Above ~1 T g becomes isotropic. To
emphasize this we have fit a polynomial to the data for
H|lab at 5.5 T and have plotted the same curve without
adjustment with the H||c data.

Equation (1) describes an equilibrium phase transition,
but neither FC nor ZFC data represent equilibrium mea-
surements for # < 0. Nonetheless, the FC and ZFC values
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FIG. 3. The SG order parameter g(7) versus temperature

for fields applied in the two directions. The thick line is
q(T) ~ (T, — T)? with T, = 7.2 K and B = 0.9. The thin
lines are the results of a polynomial fit to the H =55 T
(H||ab) data.

of g differ only slightly, even at the lowest H. The differ-
ences in y, seen clearly in Fig. 1, correspond to much more
subtle differencesin 1 — ¢ ~ T(y — xo). To determine
T, and B, we have fit the FC data and ZFC data separately
by the form g ~ |¢t|#. Averaging 8 and T, from the two
fits we find B8 = 0.9 £ 0.1 and T, = 7.2 * 0.1 K. The
heavy curve in Fig. 3 is given by Blt|7# with T, = 7.2 K
and B = 0.9, with the amplitude B adjusted to match
the H = 0.02 T data. From Eq. (1) we expect ¢ ~ H?/?
for H? > |¢|#*7), where 6 = 1 + /8. This form de-
scribes the data near T, well, and the fit gives § = 5.9 *
0.6, which, with 8 = 0.9 = 0.1, gives y = 4.3 = 1.1.

Using these values we plot the data for all fields and
temperatures in Fig. 4, using the variables g|t|™# vs
H?|t|~B+Y) The data for t < 0 are FC data, but the ZFC
data are indistinguishable in a plot of this kind. It would
be interesting to compare FC and ZFC data in other SG
systems. All of the data collapse onto two curves, that is,
f—(x) fort < 0 and f+(x) for r > 0. Note that for these
data the quantity H2[z]~#*7) varies over 11 decades. As
noted above, the magnetization is isotropic for H > 1 T
so the data collapse for H||c as well as for H||ab at high
fields. The line ¢ ~ H%? with 6 = 5.9 is drawn in the
figure to illustrate the asymptotic behavior for t — 0. The
observation that g|¢|~# approaches a constant for small
H2|t|~B+Y) for t+ < 0 is consistent with the observed
scaling ¢ ~ [¢|# discussed above.

The exponents we find are similar to those found
for conventional spin glasses. Our measured value of
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FIG. 4. Log-log plot of gl|t|™# vs H?|t|"*Y) Different
symbols represent different fields: O 0.1 T, 0 05T, & 1 T,
A15T,@2T, B3 T, 4T, A55T. All data in the ranges

2<T <30K and 0.1 < H < 5.5 T collapse, demonstrating
the scaling described by Eq. (1).

B = 0.9 is close to the mean field prediction 8 = 1
and to experimental values, 0.7 and 0.9, measured for
Cu:Mn [17]. vy values are found to be near 3 £ 1 in
most of the SG systems but y = 4.5 £ 0.2 has been
reported for the 2D Ising SG Rb,Cu;-,Co,F4 [18]. Our
measurement y = 4.3 is consistent with these. Because
of the experimental uncertainties as well as the field and
temperature ranges in which the exponents are derived,
the experimental values of critical exponents vary even
in the same SG system [19]. Despite this, our values of
the critical exponents are close to those of the canonical
SGs, suggesting that the spin freezing phenomenon near
7 K is truly a three-dimensional SG phase transition. The
shapes of our scaling functions f+ (x) are also very similar
to those observed in more traditional spin glasses [8].

As mentioned above, neutron, #SR, and NQR measure-
ments also provide evidence for the freezing of spins in
Lay—,Sr,CuOy4. Keimer er al. [3] observe slowing down
of spin fluctuations below a neutron-measured freezing
temperature T;V ~ 20 K in the same crystal studied here.
Sternlieb er al. [5] find T} ~ 40 K for x = 0.06, and
their zero-field uSR experiments show the existence of a
frozen local magnetic field below T;L ~ 6 K. They as-
cribe the different temperatures measured to the different
frequency windows of the two measurements, ~10'2 Hz
for neutrons and ~10° Hz for uSR. Harshman et al. [6]
find Tf ~ 10 K for x = 0.02, so by interpolating between
x = 0.02 and 0.06, it appears that T}L is close to the T,
we measure here. NQR experiments show the slowing
down of Cu spin fluctuations through the enhancement of
the '3°La nuclear spin-lattice relaxation rate. The tem-
peratures at which this happens are 10 K for x = 0.02,
7.4 K for x = 0.03, and 5.2 K for x = 0.04 [7]. The lat-
ter measurement, which like 4 SR has a frequency window
of 10° Hz, also gives a freezing temperature in reasonable
agreement with the T, we measure.
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We conclude that the apparently isotropic free spins
that contribute to the magnetization undergo a canoni-
cal three-dimensional spin glass transition at 7 K in
Laj 96519 04CuO4. However, interesting questions remain
to be elucidated. One such question concerns the low
density of effective free spins. In the simple picture
given by Aharony et al. [2], each Sr ion generates local
frustration of the couplings among Cu spins. However,
neutron measurements [3] show an antiferromagnetic
correlation length of ~ 40 A, so that a majority of the
Cu spins are strongly antiferromagnetically correlated in
domains, which freeze with random orderings. It is thus
feasible that the spins we see in the magnetization are only
those sitting near domain walls (which may indeed vary
among samples). Although we cannot totally exclude
the possibility that these spins come from defects, the
agreement with «SR and NQR measurements as well as
the universality of our basic results show that the free
spins we measure reflect the freezing of the entire Cu spin
system.

In addition, the anisotropy in the spin ordering at low
field is very interesting. For H||c, the SG order parameter
at low fields appears to grow gradually below 20-30 K
in all the samples we have studied, whereas at high
fields (>1 T) the magnetization is completely isotropic.
Keimer et al. [3] suggest that there is a crossover from
Heisenberg to XY coupling of the Cu spins at about the
same temperature. Clearly, the anisotropy of the spin-
glass transition remains to be understood.
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Note added.—The data reported in this paper have
been analyzed using the Curie form for the susceptibility.
Reanalysis using the Brillouin function for S = 1/2 and
g = 2 yields qualitatively similar results with only small
quantitative differences at the highest fields and lowest
temperatures. In particular, the scaling plot in Fig. 4 is
not discernably altered. We are grateful to A.P. Ramirez
for pointing out the possible importance of the latter
analysis.

[1] R.J. Birgeneau and G. Shirane, in Physical Properties
of High Temperature Superconductors, edited by D.M.
Ginsberg (World Scientific, Singapore, 1989), p. 152.

[2] A. Aharony, R.J. Birgeneau, A. Coniglio, M. A. Kastner,
and H. E. Stanley, Phys. Rev. Lett. 60, 1330 (1988).

[3] B. Keimer, N. Belk, R.J. Birgeneau, A. Cassanho, C.Y.
Chen, M. Greven, M.A. Kastner, A. Aharony, R.W.
Erwin, and G. Shirane, Phys. Rev. B 46, 14034 (1992).

[4] J.1. Budnick, B. Chamberland, D.P. Yang, Ch. Nieder-
mayer, A. Golnik, E. Recknagel, M. Rossmanith, and
A. Weidinger, Europhys. Lett. 5, 651 (1988).

[S] B.J. Sternlieb, G. M. Luke, Y.J. Uemura, T. M. Riseman,
J.H. Brewer, P.M. Gehring, K. Yamada, Y. Hidaka,
T. Murakami, T.R. Thurston, and R.J. Birgeneau, Phys.
Rev. B 41, 8866 (1990).

[6] D.R. Harshman, G. Aeppli, G.P. Espinosa, A.S. Cooper,
J.P. Remeika, E.J. Ansaldo, T.M. Riseman, D.L.
Williams, D. R. Noakes, B. Ellman, and T. F. Rosenbaum,
Phys. Rev. B 38, 852 (1988).

[7] J.H. Cho, F. Borsa, D.C. Johnston, and D.R. Torgeson,
Phys. Rev. B 46, 3179 (1992).

[8] K. Binder and A.P. Young, Rev. Mod. Phys. 58, 801
(1986).

[9] P.J. Picone, H.P. Jenssen, and D.R. Gabbe, J. Cryst.
Growth 85, 576 (1987).

[10] We find that the moment actually follows'M = (x, +
C/T)H + M .(H), where the contaminant moment M, is
independent of T, rises rapidly with H for H < 0.1 T,
and is independent of H atlarge H. AtT, ~ 7 K, M.(H)
represents 11% of M at the lowest field (H = 0.02 T),
and it is negligible near T, for all higher fields.

[11] D.C. Johnston, Phys. Rev. Lett. 62, 957 (1989).

[12] H. Bouchiat and P. Monod, J. Magn. Magn. Mater. 30,
175 (1982).

[13] 1. A. Campbell, Phys. Rev. B 37, 9800 (1988).

[14] R.V. Chamberlin, J. Appl. Phys. 57, 3377 (1985).

[15] D. Chu, G.G. Kenning, and R. Orbach, Phys. Rev. Lett.
72, 3270 (1994).

[16] A.P. Malozemoff, S.E. Barnes, and B. Barbara, Phys.
Rev. Lett. 51, 1704 (1983); B. Barbara, A. P. Malozemoff,
and Y. Imry, ibid. 47, 1852 (1981).

[17] R. Omari, J.J. Prejean, and J. Souletie, J. Phys. (Paris) 44,
1069 (1983).

[18] C. Dekker, A.F.M. Arts, and H. W. de Wijn, Phys. Rev.
B 38, 8985 (1988).

[19] K.H. Fischer and J. A. Hertz, Spin Glasses (Cambridge,
Cambridge, U.K., 1991).

2207



