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ac susceptibility of Sr3CuPtxIr 1ÀxO6: A magnetic system
with competing interactions and dimensionality
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~Received 2 December 1999!

Sr3CuPtxIr12xO6 has been cited as an example of a one-dimensional quantum spin chain with competing
ferromagnetic and antiferromagnetic interactions. We have measured the ac susceptibility of Sr3CuPtxIr12xO6

with x50, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7, in magnetic fields of 0–60 kOe, and at temperatures down to
0.275 K. Our data show that thex50 endpoint, Sr3CuIrO6, exhibits long-range ferromagnetic order atT
520.1 K, contrary to results from dc susceptibility studies which indicated that it remained a one-dimensional
ferromagnet to below 4 K. When platinum is substituted for iridium, antiferromagnetic couplings are intro-
duced, and the susceptibility shows a diminishing signature of the three-dimensional ferromagnetic transition.
Furthermore, the low-temperature susceptibility exhibits peaks which appear and evolve asx is increased.
These results lead to a rich phase diagram in temperature and Pt concentration space. We find that the behavior
of Sr3CuPtxIr12xO6 cannot be simply described by the random quantum spin chain theories that were devel-
oped, in part, to address this system.
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I. INTRODUCTION

Materials that exhibit low-dimensional magnetic prope
ties are fascinating systems from both a theoretical and
perimental standpoint. In one-dimensional systems b
quantum and thermal fluctuations dominate ordering inte
tions, giving rise to unique ground states and excitat
spectra.1 Since calculations are simplified in one dimensio
many exact results as well as numerical calculations
available.2 For these reasons, a number of magnetic mater
that possess a linear magnetic structure have been stud1

In particular, an interesting series of isostructural, o
dimensional oxides, which exhibit a range of magnetic
havior, has recently been investigated. These materials a
the typeA3A8BO6, and are structurally similar to the com
poundsA4PtO6, whereA5Sr, Ca, Ba.3 The A3A8BO6 com-
pounds consist of chains of alternating, face sharingA8O6

trigonal prisms andBO6 octahedra, which form a triangula
lattice separated byA21 ions~see Fig. 1!. Compounds of this
type have been synthesized with a large variety of elem
in various oxidation states, includingA85Ni21, Cu21, and
Zn21, B5Pt41, Ir41, and Rh41, and A85B5Co, with an
unknown valence.4–6 The magnetic susceptibility of thes
materials has been fitted to a variety of models, includ
that of the Ising antiferromagnetic chain (Sr3ZnIrO6) and
that of noninteracting ions with large single ion anisotro
(Sr3NiPtO6). 7,8 Ferrimagnetic coupling of ferromagnet
chains has been postulated for Ca3Co2O6.6 The Heisenberg
antiferromagnetic chain model has been applied
Sr3CuPtO6, and ferromagnetic interactions have been o
served in Sr3CuIrO6.4,8

By making solid solutions of Sr3CuPtO6 and Sr3CuIrO6, a
series of spin chain materials with both ferromagnetic a
antiferromagnetic interactions can be formed.9 The resulting
PRB 610163-1829/2000/61~17!/11594~7!/$15.00
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compounds, Sr3CuPtxIr12xO6, have random ferromagneti
and antiferromagnetic bonds, with segments of one inte
tion sign with lengths that vary withx. Cu21 and Ir41, both
S51/2 ions, interact ferromagnetically, as in Sr3CuIrO6. The
Cu21 ions interact antiferromagnetically in a Cu-Pt-Cu se
ment, where Pt41 hasS50, as in Sr3CuPtO6. The replace-
ment of one Pt ion in Sr3CuPtO6 with one Ir ion replaces a
single antiferromagnetic bond with two ferromagnetic bon
The random quantum spin chain~RQS! theory10–14 was de-
veloped to apply to chains of Heisenberg spins with a m
ture of antiferromagnetic and ferromagnetic interactio
This theory identifies three distinct regimes for spin intera
tions. At high temperatures all spins are uncorrelated
Curie-like; at intermediate temperatures (kbT;J) they cor-
relate within segments but the segments remain indepen
from each other; and at low temperatures, intersegment
relations become significant. The dc susceptibility
Sr3CuPtxIr12xO6 compounds withx50, 0.25, 0.5, 0.75, and
1 was measured at a field of 5 kOe, and was found to ag
qualitatively with the predictions of the RQS theory.9

In order to probe the relevance of the RQS theory to t
series of compounds more deeply, it is important to meas
the magnetic susceptibility in a small magnetic field, a
down to as low a temperature as possible. In particular,
materials where there are ferromagnetic interactions, an
plied magnetic field suppresses the susceptibility from
zero-field value and precludes a comparison with theoret
models. We have measured the ac susceptibility of powd
of the solid solution Sr3CuPtxIr12xO6 with x50, 0.1, 0.2,
0.3, 0.4, 0.5, 0.6, and 0.7 in applied magnetic fields fro
0–60 kOe, down to temperatures of 0.275 K. In measur
ac susceptibility in the zero-field limit, we have found devi
tions from the RQS model, primarily arising from stron
ferromagnetic interactions. We find that Sr3CuIrO6 under-
goes a transition to long-range ferromagnetic order atTc
520.1 K, and that this transition is suppressed, but not
11 594 ©2000 The American Physical Society
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FIG. 1. Crystal structure of Sr3CuMO6 (M
5Ir,Pt). ~a! Looking down on the chains. The
chains form a triangular lattice separated by Sr21

ions. The Cu21 ions move to the left or right
going down the chains.~b! Looking along three
the chains in the center of part~a!. The chains
consists of alternating, face sharing CuO6 trigo-
nal prisms andMO6 octahedra. The Cu21 ions
move into and out of the figure plane, so fro
this perspective they look colinear with the Ir41

ions.
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moved by application of a magnetic field. In addition, forx
.0 we find low-temperature peaks in the susceptibility t
evolve to lower temperatures asx is increased. We presen
here detailed measurements of the magnetic susceptibilit
Sr3CuPtxIr12xO6 as a function ofx, temperature, and mag
netic field.

II. EXPERIMENTAL DETAILS

Powders of Sr3CuPtxIr12xO6 were prepared via solid
state reactions, using stoichiometric amounts of starting
terials, as described elsewhere.4,9 In this paper we presen
results forx50, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7. Thr
x50.5 samples, synthesized at different times, were m
sured, and all gave the same results. X-ray-diffraction d
indicate that the micron sized crystallites that make up
powders are single phase. The powders were pressed
cylindrical pellets~diameter5 0.29 cm! at least 0.76 cm
long so as to maximize the signal from the ac susceptome
After pressing, they were individually sintered in air
1150 °C for 4–14 h in clean alumina boats. Their po
sintered density ranged from 70 to 86% of the theoret
value of 6.74 g/cm3. The demagnetization factors of th
samples are less than 0.113.

dc magnetization measurements were taken in a Quan
Design superconducting quantum interference device sus
tometer at temperatures from 2 to 300 K, and susceptib
was calculated by dividing by the applied field. ac susce
bility was measured at temperatures from 0.275 to 30 K
ing a differential coil susceptometer mounted in an Oxfo
He3 cryostat. The samples were placed within one coil o
pair of oppositely wound secondary coils balanced to giv
near null signal when empty. The primaries, which were
times longer than the secondaries to reduce finite sole
effects, provided an rms field of 5–2531023 Oe. The data
were taken using a computer-controlled EG&G lock-in a
plifier at frequencies between 53 and 6011 Hz. We measu
x5x81 ix9, wherex8 is the real part of the susceptibilit
(90 ° out of phase with the primary signal!, and x9 is the
imaginary part of the susceptibility~in phase with the pri-
mary signal!. It is important to note, that since we are me
suring the susceptibility of a powder, if the spin dimensio
ality is not isotropic, the signal will include transverse
well as longitudinal components of the susceptibility.

The sample was thermally grounded through a sapp
t
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rod to the He3 reservoir. The susceptometer was calibra
against the known low-temperature susceptibility of Yb2O3
as well as the diamagnetic signal of a cylinder of superc
ducting aluminum. In addition, the ac susceptibility w
matched to the dc susceptibility in the paramagnetic regi
Demagnetization corrections had very little effect on t
magnitude of the susceptibility. The susceptibility is report
in units of (cm3/mol spin), since the number of spins p
unit cell changes from 2 to 1 asx is increased from 0 to 1.

III. RESULTS AND DISCUSSION

The crystal structure of Sr3CuMO6 (M5Pt,Ir) has a
monoclinic space groupC2/c. Figure 1 shows the crysta
structure~a! looking down the chains and~b! looking at the
chains from the side. The one-dimensional structure
Sr3CuMO6 is not that of a simple linear chain. TheM41 ions
lie in a straight line, separated by a distance ofdM -M

intrachain

55.63 Å. The Cu21 ions, however, are offset from the cha
axis toward one of the faces of the oxygen trigonal prism
0.53 Å @shown in Fig. 1~a!#, in order to maintain a pseu
dosquare planar coordination. The direction of the offset
tates by 180 ° from one Cu21 ion to the next along the chain
The in-chain Cu-M distancedCu-M

intrachain52.86 Å. Each chain
has six nearest-neighbor chains, and the distance betwee
chain axes isdaxis55.53 Å. The chains are separated fro
one another by Sr21 ions. TheM41 ions along the chain are
offset from those on neighboring chains by (1/3)dM -M

intrachain

@shown in Fig. 1~b!#, making the closest interchainM -M
distancedM -M

interchain55.83 Å. Because of the distortion of th
Cu21 ion away from the chain axis, any single Cu21 ion has
two nearest-neighbor Cu21 ions in neighboring chains, at
distance ofdCu-Cu

interchain55.09 Å and two nearest-neighbo
M41 ions in neighboring chains at a distance ofdCu-M

interchain

55.24 Å. The next-nearest interchain Cu-Cu distance
dCu-Cu

interchain(2)55.92 Å and the Cu-M distance is
dCu-Cu

interchain(2)55.64 Å. The nearest Cu-Cu and Cu-M inte
chain distances are not uniformly distributed either along
chains or between the chains, and no flat plane of sec
nearest neighbors exists. The spins are believed to inte
along the chains through superexchange mediated by
oxygen ions. Despite this complexity in the chain structu
Sr3CuMO6 are nevertheless structurally highly on
dimensional materials. Sr3CuIrO6 has an intrachain mag
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11 596 PRB 61IRONS, SANGREY, BEAUCHAMP, SMITH, AND zur LOYE
netic ion distance of 2.86 Å and an interchain magnetic
distance of 5.09 Å. The isostructural Sr3CuPtO6 is less one-
dimensional, with an intrachain Cu-Cu distance of 5.72
and an interchain Cu-Cu distance of 5.09 Å. However,
magnetic dimensionality is determined by the strength of
magnetic couplings, not strictly by the distances between
ions.

A. Sr3CuPtO6

Initial measurements of the dc susceptibility of powder
Sr3CuPtO6 (x51) gave a Curie-Weiss temperature ofu
5zJ/4kB5247 K with a g factor of 1.99.15 The dc suscep-
tibility of single crystalline Sr3CuPtO6 was also measure
down to 2 K in a magnetic field of 5 kOe.8 The data were
well fit to a one-dimensional Heisenberg antiferromagne
model with interchain interactions. The fit gave an intrach
interaction energy ofJ/kB5249.4 K, and an interchain in
teraction energyzJ85229.2 K. ~Note that theJ values re-
ported here are twice the values reported in the refere
This is because the Hamiltonian on which the fit is bas
takes 2J as the spin-spin interaction energy, whereas we t
the spin-spin interaction energy asJ.! The only other mea-
surement of this compound that we know of is electron s
resonance~ESR!, carried out on Sr3CuPtO6 powder.16 This
study finds a slightly anisotropic, temperature independeg
factor. We do not present ac susceptibility for Sr3CuPtO6,
since its susceptibility is field independent and we find
significant difference between the ac and dc susceptibilit
We also find no signature of three-dimensional order
down toT50.27 K.

B. Sr3CuIrO 6

The dc susceptibility of Sr3CuIrO6 in the paramagnetic
region follows two different Curie-Weiss Laws. For temper
tures of 230,T,300 K, the Curie-Weiss temperatureu
5zJ/4kB5216 K and the Lande´ g factor is g51.9. For
100,T,200 K, u540 K andg51.7. The lower tempera
ture Curie constant indicates that the dominant interactio
temperatures below 200 K is ferromagnetic. A peak is
served in the real part of the ac susceptibilityxAC8 at Tc

520.1 K, as shown in Fig. 2. We identify this peak as t
transition point to long-range order which has a signific

FIG. 2. x8 andx9 vs temperature for Sr3CuIrO6 at 53 Hz.
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ferromagnetic character. This transition temperature is ab
half of the mean-field Weiss temperature.x9 rises at 21 K
and levels off by 19.5 K, reflecting dissipation at the tran
tion, primarily due to domain-wall motion. A difference be
tween zero field cooled~ZFC! and field cooled~FC! suscep-
tibility appears atT520.8 K, indicating that there is an
irreversibility even aboveTc , possibly due to domain-wal
pinning on the small crystallite boundaries. The suscepti
ity does not diverge below 20.9 K, but rolls over to
rounded peak. It is possible that the transition is not to a p
ferromagnet, but may be to a canted ferromagnet or so
other more complicated magnetic order.

UsingTc520.1 K, we looked for critical exponents in th
susceptibility. We found that the best fit to lnx vs ln (t),
where t5(T2Tc)/Tc , gives a straight line with a slope o
1.75, but only over a very limited temperature range: 2
,T,21.7 K (0.041,t,0.09). A slope of 1.75 correspond
to the two-dimensional Ising model.17 It seems reasonabl
that the spins could be Ising-like, since the isostructu
Sr3ZnIrO6 orders as a one-dimensional Isin
antiferromagnet.7 However, the crystal structure does n
suggest an obvious plane in which two-dimensional order
could occur. Nevertheless, Sr3CuIrO6 develops long-range
~presumably three-dimensional! order at 20.1 K, and show
no signature of one-dimensional magnetism.

Figure 3 compares the dc and ac susceptibilities meas
for a range of magnetic fields.xDC was measured at 0.2
kOe.xAC8 was measured at applied fields of 0, 0.1, 0.25, 0
1, 2.5, 5.0, and 10 kOe.xAC8 (H50) is larger thanxDC (H
50.25 kOe! just above the transition, where ferromagne
fluctuations are suppressed by the 0.25-kOe dc field, bu
lower thanxDC (H50.25 kOe! below the transition, where
domain-wall pinning prevents the spins from responding
the ac field.xAC8 is monotonically suppressed and the peak
moved to higher temperature by the applied magnetic fie
as is expected for a ferromagnet. There is no evidence f
field induced transition to one-dimensional magnetism.

A shoulder is evident in the zero fieldxAC8 at T59 K.
This shoulder is suppressed more rapidly in an applied fi

FIG. 3. Log plot ofx vs temperature for Sr3CuIrO6. The filled
symbols showxDC at an applied field of 0.25 kOe. The open sym
bols showxAC8 at applied fields ofH50, 0.1, 0.25, 0.5, 1, 2.5, 5
and 10 kOe. The peak at 20 K is steadily suppressed and move
in temperature which is consistent with long-range ferromagn
ordering.



i

m
m
l o

a
ro
ed

t

w
e
w

io
n
in

ic
t
0
f

n
th

ha
e

0.
7

gn
se
ly
th
te
ex

-

av-
ran-
r as
bout
the
is

bil-

fer-
m-

ate
s.
ase
a
iate

tifer-
sus-
ss
in-

ich

gra-
all
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than the overall signal. A small, but discernible, peak
found in xAC9 at T59 K, indicating that the shoulder inxAC8
could be due to a phase transition. At a slightly lower te
perature,xDC drops rapidly to zero, indicating a change fro
a ferromagnetically aligned state to a state with a smal
zero spontaneous moment. This state could be a ferrom
netic domain state, or either a ferrimagnetic or an antifer
magnetic state. The field dependence is also suppress
the lowest temperatures, as can be seen in Fig. 3 by
coincidence of the low temperature tails ofxAC8 at different
fields.

To further explore the field dependence of the lo
temperature phase, we measured magnetic-field depend
of the ZFC susceptibility at temperatures below 5 K, sho
in Fig. 4. At the lowest temperature (T50.275 K! the sus-
ceptibility is field independent up to 1 kOe. This behav
corresponds to a linearly increasing magnetization as a fu
tion of field caused either by domain-wall motion or sp
reorientation. As the temperature is increased fromT
50.275 K, the susceptibility increases, but the field to wh
the susceptibility remains field independent decreases. AT
55 K, the susceptibility is field independent only up to 4
Oe. The field dependence of the susceptibility is the same
all temperatures at fields aboveH51 kOe. At a field of
about 20 kOe, the susceptibility drops sharply as the mag
tization approaches saturation. No peaks are found in
field dependence of the susceptibility, which indicates t
no phase transitions are traversed by applying a magn
field.

The magnetization was previously measured at 5 K in
fields up to 200 kOe, and was found to reach 0.5mB /mol at
an applied field near 1 kOe and to only increase slowly to
mB /mol up to 200 kOe.4 A saturation magnetization of 0.
mB /mol is much smaller than the expected 2mB /mol for the
two spins per unit cell found in Sr3CuIrO6. The low-
temperature phase, then, could be a canted antiferroma
The applied field increases the canting, but does not cau
spin reorientation transition. Since the applied field will on
cause canting in one of the three crystalline directions,
powder magnetization should only show 1/3 of the expec
saturation magnetization. For two spins, then, we would
pect the saturation magnetization to be 2/3mB /mol, very

FIG. 4. Log zero-field-cooledxAC8 vs log applied field of
Sr3CuIrO6 at low temperatures.
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close to the measured value. Kageyamaet al. explain similar
results found in Ca3Co2O6 as ferrimagnetic ordering of fer
romagnetic chains.6

By measuring hysteresis loops inxAC8 , shown in Fig. 5,
we can map out regions of reversible and irreversible beh
ior. Hysteresis is observed at all temperatures below the t
sition temperature of 20.1 K, and it changes in characte
the temperature decreased. The two peaks symmetric a
H50 correspond to a small, but finite, area enclosed in
magnetization loop and indicate that domain-wall motion
irreversible. At temperatures below 1.5 K, the ac suscepti
ity displays a sharp jump nearH51 kOe. This jump is a
signature of the Barkhausen effect, which occurs when
romagnetic domains suddenly and irreversibly reorient the
selves in response to the applied field.18 The fact that the
jumps always occur at approximately the same field, indic
a fairly narrow distribution of domain-wall pinning energie
This behavior is consistent with a low-temperature ph
(T,5 K! which has a ferromagnetic component, like
canted antiferromagnet or a ferrimagnet, and an intermed
temperature phase (5,T,20 K! which is a more generic
ferromagnet of undetermined structure.

C. Sr3CuPtxIr 1ÀxO6

As Pt is doped in place of Ir in Sr3CuIrO6, the ferromag-
netic character of the compounds decreases and the an
romagnetic character increases. The high-temperature
ceptibility of the series of compounds follows Curie-Wei
behavior with a Curie constant that is appropriate for a sp
1/2 system, but with a Curie-Weiss temperature wh

FIG. 5. Hysteresis curves for Sr3CuIrO6 at low temperatures,
showing the Barkhausen effect at the lowest temperatures. Inte
tion to obtain magnetization results in loops with extremely sm
areas.
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changes continuously from the positive value of Sr3CuIrO6
to the negative value of Sr3CuPtO6.9 Although the authors do
not state this result explicitly, the change in the Curie-We
temperature is also seen in the paramagnetic region of
RQS theory.10 The agreement between the theory and
experiment in the paramagnetic region does not necess
indicate anything about the dimensionality of the magnetis
but it does indicate that the samples contain a homogen
mixture of ferromagnetic and antiferromagnetic bonds. Wi
out such an homogeneous mixture, the susceptibility in
paramagnetic region would be dominated by the ferrom
netic interactions, giving a much more slowly changi
Curie-Weiss temperature.

In addition to the change in sign of the magnetic inter
tion, the dimensionality of the interactions must also chan
from three dimensional to one dimensional, as Pt is dope
place of Ir. Furthermore, although Sr3CuIrO6 orders three
dimensionally, we expect that as the temperature is lowe
the correlation length along the ferromagnetic chains (jchain

FM )
grows faster than the correlation length between the cha
Substitution of Pt for Ir limits the extent ofjchain

FM by break-
ing ferromagnetic bonds. Although Pt is a nonmagnetic i
the substitution of Pt for Ir creates an antiferromagnetic bo
between its two neighboring Cu21 ions. This antiferromag-
netic bond effectively decouples the one-dimensional fe
magnetic subsections and limitsjchain

FM to the length of a
particular ferromagnetic chain.11 With a 10% substitution of
Pt for Ir, the average length of a purely ferromagnetic ch
is reduced from infinity to nine spins.11 Limiting the length
of ferromagnetic chains should also limit the interactions
tween those chains, causing an evolution to one-dimensi
behavior.

The effect on the ac susceptibility of substituting Pt for
can be observed in Fig. 6. The magnitude of the 20-K p
found in Sr3CuIrO6 is strongly suppressed and shifted
slightly lower temperatures as the Pt concentration is
creased. Once the percentage of Pt reaches 30%, the pe
reduced sufficiently to appear only as a shoulder, which
still observable at 60% Pt concentration. A phase diagram
constructed in Fig. 7, in which closed circles indicate t
temperature of the ferromagnetic peak, and the open cir
indicate the temperature of the ferromagnetic shoulder.

FIG. 6. LogxAC8 vs temperature for different Pt concentration
As Pt doping is increased the ferromagnetic peak is suppressed
low-temperature peaks and shoulders develop.
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continued existence of the ferromagnetic feature after Pt s
stitution points to the existence of finite-sized ferromagne
clusters. The existence of the ferromagnetic clusters is
ther evidenced by a difference betweenxDC andxAC8 up to
x50.6. A comparison ofxDC andxAC8 for x50.3, 0.5, and
0.7 is shown in Fig. 8. The clear difference betweenxAC and
xDC at temperatures belowTc for x50.3 andx50.5 indi-
cates that domain-wall pinning is still instrumental in pr

nd
FIG. 7. Peak positions vs platinum concentration. Filled sy

bols are peaks, open symbols are shoulders. The dotted line
guides to the eye.

FIG. 8. A comparison ofxAC8 in zero applied field~open sym-
bols! andxDC in an applied field of 0.25 kOe~closed symbols! vs
temperature below thex50 ferromagnetic transition temperatur
xAC falls below xDC in ~a! x50.3 and~b! x50.5 where strong
ferromagnetic correlations are present, but followsxDC in ~c! x
50.7. Also in ~b! is xAC for applied fields of 0.25, 0.5, 1, 2, 3, 4
and 5 kOe.
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venting the spins from following the ac field.~The field de-
pendence forx50.5 will be discussed below.! For x50.7,
the ac and dc susceptibility are coincident down to 5 K.

In addition to the suppression of the 20-K ferromagne
peak, two low-temperature features appear as Pt is dope
place of Ir: a low-temperature peak, and a low-temperat
shoulder below which the susceptibility drops sharply. Th
features do not have a clear origin, though their magnitu
and locations do correlate with Pt concentration. By exam
ing the evolution of the peaks with Pt concentration as w
as with magnetic field, we construct a tentative lo
temperature phase diagram for Sr3CuPtxIr12xO6, also shown
in Fig. 7. The peaks that occur forx50.1 andx50.2 atT
58 K andT55 K, respectively, may be an enhancement
the shoulder seen inxAC8 at T59 K for x50. The peaks for
both x50.1 andx50.2 are suppressed and move to high
temperatures with an applied field as small as 0.25 kOe
they are likely associated with ferromagnetic interactio
We indicate these peaks on the phase diagram with clo
square symbols and suggest a phase line with a dotted
connecting these symbols with the open square symbol id
tifying the position of thex50 shoulder.

The next set of features we identify consist of the lo
temperature shoulders and peaks below whichxAC8 falls
sharply. Forx50.2, a low temperature shoulder is evide
below the peak. This shoulder inxAC8 (x50.2) is effectively
field independent for small applied field, and is accompan
by a small peak inxAC9 . xAC8 for both x50.3 andx50.4
exhibits only a single low-temperature peak, below wh
the susceptibility falls sharply. The susceptibility at tempe
tures below these peaks is field independent for small app
fields. Forx50.5 andx50.6 both a peak and a shoulder a
again apparent, shown in more detail in Fig. 9. These lo
temperature shoulders are also effectively field independ
A peak is also observed inxAC9 at the shoulder inxAC8 for
x50.6. We identify the shoulders inxAC8 for x50.2, x
50.5, andx50.6, and the peaks forx50.3 andx50.4, as
the signature of a single phase transition, and indicate th
features in the phase diagram with diamonds, connected
dotted line.

FIG. 9. xAC8 vs temperature forx50.5 andx50.6 showing the
evolution of the peak to higher temperatures and the shoulde
lower temperatures. Also showsxAC8 for x50.5 measured at differ-
ent frequencies.
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Last, we address the peaks found inxAC8 for x50.5 and
x50.6. For these two concentrations, the peak moves u
temperature withx, which suggests that they are due to i
teractions which are distinct from those giving rise to t
peaks observed forx50.1 and x50.2. The peaks forx
50.5 andx50.6 are suppressed with small applied field. W
identify these two peaks with closed triangles, and conn
them with a dotted line. These identifications distingui
three low-temperature phases in the phase diagram of Fi
Further work is necessary in order to determine the natur
these phases.

D. Sr3CuPt0.5Ir 0.5O6

The RQS theory predicts that for half ferromagnetic int
actions and half antiferromagnetic interactions along a ch
the susceptibility should be Curie like down to zero tempe
tures ~ignoring any possibility of three-dimensional cou
pling!. Initial dc susceptibility measurements o
Sr3CuPt0.5Ir0.5O6 at a field of 5 kOe were in qualitative
agreement with the theory. Our ac susceptibility measu
ments, however, are not. Based on our understanding of
three-dimensional ordering in the parent compou
Sr3 CuIrO6, it is not surprising that Sr3CuPt0.5Ir0.5O6 does
not follow the RQS theory. However, we do expect the m
terial to become less three-dimensional and more o
dimensional with increasing Pt concentration as the mate
becomes more like the one-dimensional Heisenberg ant
romagnet Sr3CuPtO6.

Although we can identify the shoulder in the ac suscep
bility of Sr3CuPt0.5Ir0.5O6 found near 20 K as a remnant o
the three-dimensional ferromagnetic interactions, the orig
of the peak and the sharp drop in the susceptibility near
are less clear. The peak height in zero applied field ha
small frequency dependence, shown in Fig. 9, but the p
tion of the peak remains essentially constant. This beha
is not consistent with spin-glass behavior. Although sp
glass behavior is expected in three-dimensional systems
competing ferromagnetic and antiferromagne
interactions,19 such a phase could be suppressed in this s
tem because of reduced dimensionality. Furthermore,
susceptibility at the lowest temperatures is frequency in
pendent, indicating that the low-temperature state is not fr
trated. As is shown in Fig. 8~b! the position of the peak
moves towards zero with applied field. This evolution is co
sistent with antiferromagnetic coupling. The peak is co
pletely suppressed for a field between 2 and 3 kOe.

The sharp drop in the susceptibility at the lowest tempe
tures is reminiscent of gapped behavior. However, gap
materials are expected to show an increase in the susc
bility as a function of magnetic field, as the field suppres
the gap.20 The field dependence of the susceptibility
Sr3CuPt0.5Ir0.5O6 at temperatures below the peak is shown
Fig. 10. It shows that the susceptibility never increases w
increased applied field. Instead, the susceptibility is u
formly suppressed, just as it is for the ferromagnetic co
pound Sr3CuIrO6. It is still possible that a peak due to th
suppression of the gap could be hidden since we may
measuring the transverse susceptibility along with the lon
tudinal susceptibility in the powder sample.

IV. DISCUSSION

We have found that the solid solution Sr3CuPtxIr12xO6
does not behave according to the RQS theory, primarily

to
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cause of three-dimensional ferromagnetic correlations
tween the chains of magnetic ions. In order to gain a dee
understanding of the behavior of the series of materials,
consider theories which have been developed to address
order in three-dimensional materials.

Percolation theory has been used to describe the beha
of ferromagnets diluted with nonmagnetic ions.21 As non-
magnetic ions replace ferromagnetic ions, percolation the
predicts that the ferromagnetic transition temperature will
suppressed. The concentration of magnetic ionsp reaches a
percolation concentrationpc in the limit that a path of mag-
netic bonds extends across the whole sample. The ferrom
netic transition disappears at the percolation concentrat
but for all magnetic concentrations above the percolat
concentration, the susceptibility is predicted to exhibit
sharp peak at the transition temperatureTc(p). The critical
percolation concentration (pc), as well as the functional form
of Tc(p), depends on lattice dimensionality and the range
interaction. A number of diluted ferromagnets have be
found to follow percolation theory.21

Percolation theory has been extended to include mi

FIG. 10. LogxAC8 vs log applied field at temperatures below t
peak in xAC8 vs temperature (T50.275, 0.5, and 1.0 K!. xAC8 is
shown in the paramagnetic region atT525 K for comparison.
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ferromagnetic and antiferromagnetic systems, where a s
lar depression inTc(p) is predicted.22 Furthermore, a linear
suppression of the ferromagnetic transition temperature a
percolation concentration of 0.41 was observed in the tw
dimensional disordered ferromagnet with competing antif
romagnetic interactions, Rb2MnxCr12xCl4, as is expected
from percolation theory.23 However, in Sr3CuPtxIr12xO6 the
ferromagnetic phase line does not decrease withx as rapidly
as percolation theory predicts. In addition, the peak in
susceptibility is rapidly suppressed to a shoulder, unlike
behavior exhibited in a ferromagnet diluted with nonma
netic ions. Although the paramagnetic susceptibility in
cates that the magnetic ions are well mixed in the sample
is impossible to rule out the existence of a small number
crystallites of the pure ferromagnetic phase. Furthermo
there are likely to exist statistically rare regions~‘‘Griffiths
phase’’! of pure ferromagnetic correlations, which may al
contribute to the powder susceptibility.24

There are many complicated issues to consider in un
standing the behavior of this system. The details of the m
netic structures of Sr3CuIrO6 and Sr3CuPtO6 are not even
known. The nature of the low-temperature phases of al
the samples is unclear. More experimental techniques n
to be applied to these materials in order to determine
nature of both the ordered systems and the disordered
tems in the solid solution series. Furthermore, large sin
crystals would help to clarify the magnetic structure in the
materials. What is clear about the Sr3CuPtxIr12xO6 system is
that it is more complicated and rich than previous expe
ments indicated, and that the RQS theory cannot be app
to it in a straightforward way.
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