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IN DEDICATION TO THE LATE PROFESSOR OLIVIER KAHN FOR HIS PIONEERING CONTRIBUTIONS TO THE FIELD OF MOLECULAR MAGNETISM
Mixed metal phenylphosphonates of composition
MnxCo12x(O3PC6H5) 'H2O were prepared with 04x41.
Atomic absorption, X-ray powder di4raction, and electron para-
magnetic resonance measurements indicate that the mixed-
metal solid solutions are homogeneous and isostructural with the
single-metal-parent compounds over the entire concentration
range, with a small, systematic evolution of the a and c in-plane
unit cell parameters. The temperature dependence of the mag-
netic data for the pure Mn21 (x 5 1) and pure Co21 (x 5 0)
samples was 5tted by standard 2D Heisenberg and 2D Ising
models, respectively, yielding nearest-neighbor exchange inter-
action energies of J 5 22.2760.02 K for Mn(O3PC6H5) 'H2O
and J 5 22.4360.05 K for Co(O3PC6H5) 'H2O. The magnetic
phase diagram, down to 2 K, was constructed over the entire
composition range. Both dc and ac magnetic susceptibilities were
used to identify the transitions to low temperature, long-range-
ordered antiferromagnetic states. In the Mn21- and Co21-rich
regions, the ordering temperature, TN, decreases relative to the
pure materials, as expected for magnetic ion impurity doping.
For intermediate values of x, Mn21+Mn21 interactions domin-
ate, resulting in a minimum in TN near x 5 0.25. A weak negative
magnetization was observed for x(0.25. No evidence of spin
glass behavior was observed for any concentration at any
temperature. ( 2001 Academic Press

Key Words: magnetic phase diagram; canted antiferromag-
net; mixed-metal; solid solution; manganese; cobalt; phenylphos-
phonate; magnetism.

INTRODUCTION

Even before Clear"eld's and Smith's elucidation of the
structure of the prototype a-Zr(HPO

4
)
2
)H

2
O (1), layered
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metal phosphates were extensively studied primarily be-
cause of their ion exchange capabilities (2). This initial
interest has been extended to metal phosphonates where
similar architectures are found (3}7) and now includes or-
ganic networks that can be varied to further modify the
properties of the layered solids (8}13). Recently, layered
metal phosphates and phosphonates have been shown to
exhibit interesting magnetic phenomena, including mag-
netic ordering, canted antiferromagnetism (14}21), and anti-
ferromagnetic resonance (22), and they have been studied as
models for two-dimensional (2D) magnetism. Our group
has also extended these studies from the solid-state (22, 23),
to monolayer (24}27) and multilayer thin "lms (28}33),
where similar properties have been observed.

As part of our interest in 2D magnetism in metal phos-
phonate solids and thin "lms, we have investigated a series
of mixed-metal Mn2`/Co2` and Mn2`/Zn2` phenylphos-
phonates. Two possibilities exist if mixed metal phases form,
each giving rise to di!erent magnetic behavior. If ions of
a di!erent spin state organize in an ordered fashion, then
a new superstructure is formed, giving rise to the possibility
of ferrimagnetism if the spin state of the two ions is di!erent.
Alternatively, if the ions distribute randomly, then a solid
solution results. Historically, mixed-metal solid solutions
have been extensively studied (34) because they exhibit alter-
ed magnetic behavior and provide an opportunity for study-
ing the details of magnetic ordering mechanisms. Systems
based on Mn2`/Co2` have been popular choices, as the
materials cover a range of dimensions, from quasi-1D
(35}37) to quasi-2D (38) to 3D (39), and in most cases an
isotropic (Heisenberg-type) interaction describes the coup-
ling between S"5

2
spins of Mn(II) ions, while an anisotropic

(Ising-type) interaction describes the coupling between
&&e!ective'' S"1

2
spins of Co(II). Consequently, upon dilu-

tion these materials experience an interesting blend of com-
peting spin and lattice dimensions. Despite previous studies
on mixed-metal solids, there are still some unanswered
2
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questions. For example, in some cases, but not all, the
combination of random mixing and magnetic frustration
leads to spin glass behavior (40). In addition, some ferrimag-
netic systems have exhibited the interesting e!ect of negative
magnetization (41, 42). New examples of mixed-metal mag-
netic systems, either structurally ordered or as solid solu-
tions, can provide the opportunity to further study some of
these phenomena.

The divalent metal phenylphosphonates form an iso-
structural series (Fig. 1) (5), and we "nd that the mixed-
metal analogues form as solid solutions of formula Mn

x
Co

1~x
(O

3
PC

6
H

5
) )H

2
O or Mn

x
Zn

1~x
(O

3
PC

6
H

5
) )H

2
O. At low

temperature, the pure Mn2` and pure Co2` phenylphos-
phonates experience long-range antiferromagnetic order at
¹

N
+12 and 4 K, respectively. Upon dilution, the ordering

temperatures are reduced compared to the values found for
the pure compounds, and the resulting magnetic phase
diagrams are reported here. For diamagnetic Zn2` doping,
i.e., Mn

x
Zn

1~x
, the reduction of ¹

N
follows the prediction of

mean "eld theory for x'0.6 and this magnetic phase dia-
gram was reported previously (43). However, for the
Mn

x
Co

1~x
compounds, the reduction of ¹

N
with doping

concentration is weaker than expected on the basis of mean
"eld theory. For Mn

x
Co

1~x
at low temperatures, the mag-

netization of the Mn-rich specimens, i.e., x'0.25, is charac-
terized by canted antiferromagnetic behavior. On the other
hand, the magnetization of the Co-rich specimens, i.e.,
x(0.25, exhibits a very small negative magnetization
behavior when the zero-"eld cooled and "eld-cooled data
are compared. The magnetic phase diagram for
Mn

x
Co

1~x
(O

3
PC

6
H

5
) )H

2
O is reported here.

EXPERIMENTAL

Materials used. Reagent grade Mn(NO
3
)
2
) 4H

2
O,

CoCl
2
) 6H

2
O and phenylphosphonic acid (C

6
H

5
PO

3
H

2
,

95%) were purchased from Aldrich (Milwaukee, WI) and
used without further puri"cation. The water used in all
reactions was puri"ed with a Barnstead NANOpure puri"-
cation system that produced water with an average resistivity
of 18 M) cm. Mn(O

3
PC

6
H

5
) )H

2
O and Co(O

3
PC

6
H

5
) )H

2
O

were synthesized by mixing equimolar amounts of the ap-
propriate metal ion solution with a solution of phenylphos-
phonic acid (pH adjusted to 5}6 with 0.1 M KOH) both
heated to 603C prior to mixing. The solutions were allowed
to stir for 2 h at this temperature. For each sample, the
precipitate was "ltered, washed with water and sub-
sequently with acetone, and then dried under vacuum.

Preparation of MnxCo1!x(O3PC6H5) )H2O compounds.
The mixed-metal phenylphosphonates Mn

x
Co

1~x
(O

3
PC

6
H

5
) )H

2
O were prepared in a manner similar to that

of the pure metal phenylphosphonates but with slight modi-
"cation. In each case, aqueous solutions of the metal salts in
the desired molar ratios were heated to 603C and added to
a solution containing a slight excess of phenylphosphonic
acid at pH 5}6. The resultant solutions were stirred for only
10 min. before "ltering the precipitate. The products were
washed with water and acetone, and "nally dried under
vacuum. In all cases, the "nal Mn:Co ratios (determined
by atomic absorption) of the solid-state materials were
similar, i.e., within 10%, to those of the starting metal
salt solutions.

Instrumentation. Atomic absorption (AA) measure-
ments were performed on a Perkin}Elmer Model 3100
atomic absorption spectrometer with a photomultiplier
tube detector. For AA analysis, the solid-state samples were
dissolved in a 1.0 M HCl solution. X-ray di!raction was
done with a step scan (0.023 2h/step, 2 s/step) using a Phil-
lips APD 3720 X-ray powder di!ractometer with the CuKa
line as the source. Electron paramagnetic resonance (EPR)
spectra were recorded on a Bruker (Billerica, MA) ER 200D
spectrometer modi"ed with a digital signal channel and
a digital "eld controller. Data were collected using a U.S.
EPR (Clarksville, MD) SPEC300 data acquisition program
and converted to ASCII format using a U.S. EPR EPRDAP
data analysis program. Magnetization and ac susceptibility
measurements were performed using a Quantum Design
MPMS SQUID magnetometer. The dc measurements were
made with a measuring "eld of 100 G or 1.0 kG when
sweeping the temperature, or were made at 2 K while sweep-
ing the "eld up to 50 kG. The ac susceptibility measure-
ments used frequencies ranging from 17 Hz to 1.5 kHz and
an ac "eld amplitude of 4.0 G. Additional low-frequency (19
Hz) ac susceptibility measurements were performed with
a homemade mutual inductance coil of a standard design
(44). High-frequency (14 MHz) studies were conducted in
a homemade tank-circuit biased with tunnel diode (44, 45).
For all of the magnetic studies, powder samples were con-
tained in gelcaps or plastic vials, with the exception of the
work performed at 14 MHz when the sample was loaded
directly into the housing of the coil. The background
signals arising from the gelcaps and vials were independent-
ly measured and were either negligible or subtracted from
the data.

RESULTS AND DISCUSSION

Sample preparations. In order to encourage homogene-
ous solid solutions of composition Mn

x
Co

1~x
(O

3
PC

6
H

5
) )

H
2
O, and to prevent any annealing into a multiphased

system, samples were quickly precipitated and collected
immediately. This procedure resulted in a decreased crystal-
linity of the solid solutions, relative to what is possible
with the pure phases, although it is su$cient for powder
XRD analyses and does not appear to in#uence the
magnetic properties. All attempts to prepare mixed-metal
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samples of high crystallinity by slow-growth techniques
resulted in the formation of physical mixtures and/or multi-
phase materials.

Structural characterizations. The relative percentage of
manganese and cobalt in the solid solutions was determined
from AA analyses (Table 1). Although AA spectroscopy
gives an average stochiometry, it cannot provide informa-
tion about the structural homogeneity of the samples.
Therefore, X-ray di!raction was used to determine if the
"nal product consists of single or multiple phases. The
structures of the pure manganese and cobalt phenylphos-
phonate compounds consist of layers of quasi-two-dimen-
sional metal-phosphorus-oxygen sheets that de"ne the ac
plane, while the organic moieties project between the layers,
thus de"ning the b axis (Fig. 1) (4, 5). These materials are
known to crystallize in the same space group, Pmn2

1
, with

slight modi"cations of the ac basal plane spacings (4, 5).
However, the interplane distances are almost identical be-
cause both compounds contain the same organic phenyl
group.

Due to the symmetry of the Pmn2
1

space group, the 100
and 001 re#ections are systematically absent, so the highest
order re#ections containing in-plane structural information
are the 110 and 011. Although both of these re#ections
contain an interplane contribution, this distance remains
essentially constant for all compositions. The 110, 030, and
011 re#ections conveniently occur consecutively over
a small range of 2h in the X-ray di!ractogram, making them
a practical series for monitoring variations in the ac lattice
spacings. The position of the 030 re#ection in all samples is
an internal reference that con"rms that the interplane dis-
tances do not change as a function of doping, allowing the
2h values for the 110 and 011 re#ections in the doped
TABLE 1
Concentration of Manganese in MnxCo12x(O3PC6H5) 'H2O

Determined from AA Spectroscopy and Unit Cell Parameters
from the 110, 011, and 030 hkl Re6ections in the Corresponding
Powder XRD Patterns

Mol % Mn a$0.01 b$0.01 c$0.01

100 5.73 14.34 4.94
95 5.73 14.34 4.94
82 5.70 14.34 4.92
68 5.68 14.34 4.90
55 5.66 14.34 4.88
35 5.65 14.34 4.88
30 5.64 14.34 4.87
21 5.62 14.34 4.86
19 5.63 14.34 4.85
11 5.61 14.34 4.85
10 5.61 14.34 4.85
0 5.60 14.34 4.83

FIG. 1. In-plane and cross-sectional view of Mn(O
3
PC

6
H

5
) )H

2
O.

Crystallographic data are taken from Ref. (5). Key: oxygen, small open
circles; manganese, cross-hatched circles; phosphorus, diagonal-hatched
circles (phosphorus atoms above and below the plane are distinguished by
hatches with di!erent directions).
materials to be used to determine the in-plane lattice
spacings.

Powder XRD patterns for the pure manganese and pure
cobalt phenylphosphonates, as well as that of the
Mn

0.35
Co

0.65
sample, are shown in Fig. 2. The similarity of

the patterns in Fig. 2A makes it clear that the mixed-metal
systems are isostructural with the parent compounds. An
expansion of the region between 2h values of 163}203 in
Fig. 2B shows the 110, 030, and 011 re#ections for the same
three compounds. For the mixed-metal example, discrete
110 and 011 re#ections are observed at 2h values between
those of the pure Mn2` and Co2` phases, while the 030



FIG. 2. (A) XRD powder patterns for (a) Co(O
3
PC

6
H

5
) )H

2
O, (b)

Mn
0.35

Co
0.65

(O
3
PC

6
H

5
) )H

2
O, and (c) Mn(O

3
PC

6
H

5
) )H

2
O. (B) Expan-

sion showing, from left, 110, 030, 011 hkl re#ections for (a)
Co(O

3
PC

6
H

5
) )H

2
O, (b) Mn

0.35
Co

0.65
(O

3
PC

6
H

5
) )H
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O, and (c)
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3
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) )H

2
O.

FIG. 3. Room temperature EPR signals for (a) Co(O
3
PC

6
H

5
) )H

2
O,

(b) Mn
0.84

Co
0.16

(O
3
PC

6
H

5
) )H

2
O, and (c): Mn(O

3
PC

6
H

5
) )H

2
O.
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re#ection remains the same for all three samples. These
observations are consistent with the formation of a single
homogeneous solid solution. Similar results were seen for all
compositions, and Table 1 lists the corresponding a, b, c cell
parameters for the pure and doped materials as calculated
from the 110, 030, and 011 re#ections. The cell edge lengths
systematically shift in value as a function of x. The absence
of any re#ections corresponding to the pure single-ion
phenylphosphonates in the XRD patterns of the mixed-
metal phenylphosphonates, combined with the observation
that the detected re#ections have 2h values between those of
the two pure compounds, provides convincing evidence that
single-phase solid solutions have been formed.

Electron paramagnetic resonance. Evidence for micro-
scopic homogeneity of the solid solutions comes from EPR.
The cobalt phosphonate is EPR silent at X-band, while the
manganese analog gives a broad line that is structureless as
a result of dipolar interactions (Fig. 3) (46). The anisotropy
of the EPR linewidth has previously been used to demon-
strate the two-dimensional exchange pathways in the
layered manganese phosphonates (23, 46). As the percentage
of Co2` in the solid solution increases, the Mn2` signal
broadens (Fig. 3), re#ecting the randomization of the ident-
ity of the Mn2` ion's nearest neighbors. In the solid solu-
tion, there is no signal due to crystallites of pure
Mn(O

3
PC

6
H

5
) )H

2
O.
Magnetic properties of Mn(O3PC6H5) )H2O and
Co(O3PC6H5) )H2O. The magnetic properties of several
manganese and cobalt organophosphonates have been
studied previously (15, 16, 18, 19, 22). The manganese phos-
phonates undergo a long-range ordering transition to
a canted antiferromagnetic state at temperatures ranging
from 12 to 18 K, depending on the identity of the or-
ganophosphonate. Pure Mn(O

3
PC

6
H

5
) )H

2
O orders at

¹
N
+12 K (22). The cobalt phosphonates also order antifer-

romagnetically, and for Co(O
3
PC

6
H

5
) )H

2
O, we observe

¹
N
+4 K, as we describe later in this section.
The data in Fig. 4 show the temperature dependence of

the static magnetic susceptibility of the pure Mn and Co
materials, acquired by cooling the samples in zero magnetic
"eld and measuring in a dc "eld of 1 kG. The broad max-
imum in the susceptibility, s

.!9
, is characteristic of low-

dimensional antiferromagnetic interactions when short-
range order correlations become greater than the thermal
#uctuations of the spins. These short-range correlations are
established by magnetic exchange interactions, J, which are
typically considered to be limited to nearest neighbor spins.
In other words, the Hamiltonian may be written as

H"!J +
nn

S
i
'S

j
, [1]

where +nn runs over all pairs of nearest neighbor spins
S
i
and S

j
. The susceptibility data for the manganese phos-

phonate may be "tted with a 2D high-temperature series
expansion (47) for a quadratic layer of Heisenberg S"5

2
spins based on Eq. [1], and the solid line in Fig. 4A shows
the best "t to the data with J"!2.27$0.02 K. The "t
was restricted to ¹'20 K since at lower temperatures the



FIG. 4. (A) The temperature dependence of the DC magnetic suscepti-
bility for Mn(O

3
PC

6
H

5
) )H

2
O after zero "eld cooling the specimen to 2 K

and then measuring in a "eld of 1 kG. The results of a "t using a S"5
2

Heisenberg high-temperature expansion for ¹'20 K are shown by the
solid line with the result J"!2.27$0.02 K, as described in the text. (B)
The temperature dependence of the DC magnetic susceptibility for
Co(O

3
PC

6
H

5
) )H

2
O after zero-"eld cooling the sample to 2 K and then

measuring in a "eld of 1 kG. The results of a "t using an S"1
2

Ising
high-temperature expansion for ¹'9.5 K are shown by the solid line with
the result J"!2.43$0.05 K, as described in the text.

FIG. 5. (A) Field-cooled (FC) and zero-"eld-cooled (ZFC) magnetiz-
ation data of manganese phenylphosphonate are shown as a function of
temperature. Both data sets were acquired with a 100-G measuring "eld.
(B) The di!erence between "eld-cooled and zero-"eld-cooled magnetiz-
ation versus temperature for Mn(O

3
PC

6
H

5
) )H

2
O measured in a "eld of

100 G.
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"tting procedure is not valid. In the case of the pure cobalt
phenylphosphonate, Eq. [1] still describes the simplest in-
teractions for the case of this 2D, S"1

2
Ising system when

the spin operators are restricted to their z components (48).
The solid line in Fig. 4B is a "t, for ¹'9.5 K, to a 2D, S"1

2
Ising high-temperature series expansion (49), using an ex-
change constant of J"!2.43$0.05 K. It is noteworthy
that the magnetic exchange parameters are very similar
despite the signi"cantly di!erent spin values and spin di-
mension.

Previous studies (22) have identi"ed the ordering in
Mn(O

3
PC

6
H

5
) )H

2
O as a transition to a canted antifer-

romagnetic state in analogy to other manganese or-
ganophosphonates (15). The magnetic moments assume
a noncollinear orientation that produces a weak ferromag-
netic moment that lies within the plane of the manganese
ions. This moment, and hence the transition from the para-
magnetic to the canted antiferromagnetic state, can be ob-
served in a di!erence plot of the magnetization as a function
of temperature for experiments performed in "eld-cooled (fc)
and zero-"eld-cooled (zfc) conditions, *M

&#};&#
(Fig. 5). The

ordering temperature, ¹
N
, may be identi"ed in the M

&#
data

as the temperature where the magnetization begins to devi-
ate from its high-temperature paramagnetic behavior, and
from Fig. 5, ¹

N
"11.7 K for Mn(O

3
PC

6
H

5
) )H

2
O. Another

parameter, ¹*
N
, is de"ned as the temperature at which

*M
&#};&#

di!ers signi"cantly from 0. These two temper-
atures, ¹

N
"11.7 K and ¹*

N
"11.5 K, are identi"able in

Fig. 5. The value of ¹*
N

changes as a function of the magni-
tude of the applied measuring "eld and as a result, for small
values of ¹

N
, it is best to acquire data with a smaller

measuring "eld, typically 50}100 G. Due to this dependence
upon the measuring "eld, it is important to realize that
¹*

N
will always be lower than ¹

N
, but ¹*

N
is nevertheless

evidence of an ordered state with a weak ferromagnetic
moment. In contrast to the weakly ferromagnetic manganese
compound, the pure cobalt compound is antiferromagnetic
with¹

N
"3.9 K, as determined from both dc magnetization

and ac susceptibility measurements.

Magnetic properties of the solid solutions. Typical mag-
netization plots for the solid solutions Mn

x
Co

1~x
(O

3
PC

6
H

5
) )H

2
O with 0.25(x(1.00 are shown in Fig. 6.

The ordering temperatures identi"ed in the magnetization
vs temperature plots are consistent, within experimental



FIG. 6. The di!erence between the "eld-cooled and zero-"eld-cooled
magnetization, *M, is shown as a function of temperature. Typical data
from the Mn-rich (i.e., x'0.25) samples are shown when the magnetic
"eld, for measuring and "eld cooling, was 100 G.

FIG. 7. (A) Field-cooled and zero-"eld-cooled dc magnetization for
x"0.1. Both data sets were acquired with a 100-G measuring "eld, and on
this scale, the di!erence between the two data sets is not visually detectable.
(B) The di!erence between "eld-cooled and zero-"eld-cooled magnetiz-
ation from (A) is shown as a function of temperature. The onset of
a negative magnetization occurs at ¹

N
, and this signature is characteristic

for all the Co-rich (i.e., x(0.25) samples.
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resolution, with the temperatures of anomalies in the ac
susceptibility studies. Like the pure Mn(O

3
PC

6
H

5
) )H

2
O,

the solid solutions with x'0.25 form canted antiferromag-
nets in the low-temperature state. For x(0.25, the *M

&#};&#
vs temperature plots still reveal the ordering temperature,
but the magnitude of *M

&#};&#
is much smaller and negative,

Fig. 7. This point is discussed further, later in this section.
Nonetheless, the ordering temperatures were con"rmed
with ac susceptibility measurements, and they are included
in Fig. 8.

The mixed Mn/Co phenylphosphonates can be thought
of as magnetically doped pure manganese or pure cobalt
lattices with the other metal ion as impurity. Consequently,
a reduction of ¹

N
from the pure systems is anticipated. Since

the magnetic exchange interactions and lattices are similar,
the primary di!erences are the spin values and the dimen-
sion of the spins (i.e., Ising-like or Heisenberg-like). There-
fore, the reduction of ¹

N
is not expected to be as strong as it

is for the case of doping with diamagnetic spins, and these
general tendencies are re#ected in the phase diagram in
Fig. 8. In the Mn-rich regime, ¹

N
(x) closely follows a linear

function with an x"0 intercept (solid line) at the ¹
N

value
obtained for the pure Co material. For 0.25(x(0.60, the
perturbation of the magnetic correlations is stronger as the
percolation threshold is approached and the reduction of
¹

N
follows a trend qualitatively represented by the dotted

line. For the Co-rich samples, there is not su$cient resolu-
tion in the identi"cation of ¹

N
to allow a speci"c x depend-

ence to be identi"ed, so the general trend is sketched by the
dashed line. The prediction of a tetracritical point at
x"0.25 agrees well with a face-centered square planar
lattice containing four nearest neighbors where one spin
species dominates the magnetic exchange. In our case, the
Mn2` spins dominate the local magnetic environment. Tet-
racritical points (34, 50) have been observed previously in
other doped magnetic systems containing competing mag-
netic anisotropies (51}54).

SEARCH FOR SPIN GLASS OR PRECURSOR PHASES

The assignment of the pure Mn2` material as a canted
antiferromagnetic S"5

2
Heisenberg-like system and the

pure Co2` system as a quantum antiferromagnetic S"1
2

Ising-like system opens the possibility of forming a spin-
frustrated state in a randomly mixed Mn/Co system. In
molecular magnetism, similar studies on layered materials
have been reported. Thus, bimetallic oxalato layered
mixed-metal compounds containing competing ferro- and
antiferromagnetic interactions have been magnetically char-
acterized and in some cases spin glass behavior has been
observed (55). Spin-frustrated systems displaying magnetic
properties characteristic of spin glasses have also been



FIG. 8. The magnetic phase diagram of Mn
x
Co

1~x
(O

3
PC

6
H

5
) )H

2
O

indicating the ordering temperature vs Mn2` concentration. The phase
diagram has a tetracritical point at x"0.25, as described in the text. The
present work was restricted to ¹'2 K. The lines are guides for the eyes
and are described in the text.

FIG. 9. The real component of the ac susceptibility for
Mn

0.18
Co

0.82
(O

3
PC

6
H

5
) )H

2
O at 17 Hz and an amplitude of 4 G. The ac

susceptibility was studied in an applied "eld of 0 and 1 kG, corresponding
to the "lled and open circles, respectively. The identi"cation of ¹

N
is

consistent with the values determined by dc magnetization techniques. The
ac response is understood as arising from the dynamics of the magnetic
domains and the powder nature of the specimens, as described in the text.
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observed in doped magnetic materials possessing tetracriti-
cal points in their magnetic phase diagrams (35, 38, 56).

Time-dependent thermal remnant magnetization studies
were performed with two samples, x"0.30 and 0.68. In one
set of experiments, the samples were zero-"eld cooled from
300 K to 5, 7, and 12 K in three separate runs. The process
of cooling from 300 K to the low-temperature "xed point
required approximately 80 min. After equilibrium was es-
tablished, a "eld of 1 kG was applied, and the magnetization
was monitored for nominally 40 min. During this time, the
magnetization was observed to relax toward an equilibrium
value, and this process was easily "tted by a simple ex-
ponential function, yielding time constants ranging from
700 to 1100 s. In a di!erent measurement, the magnetization
relaxation rates of the sample holders were studied and were
determined to be negligible. The total change of the signal
during the measurement after achieving the equilibrium
state, as de"ned by the thermometer of the instrument, was
about 1%. Although these results may be suggestive of
behavior associated with a spin glass state, we consider
them to be related to the process of cooling the powder
samples. A simple cooling model (57) provides a plausible
explanation for the measured relaxation rates. It is note-
worthy that the same type of behavior was observed for
both samples and at all three of the temperatures that were
studied. In other words, the experiments covered several of
the magnetic phases shown in Fig. 8, and in every instance,
the behavior was always the same.

In a second set of studies, the ac susceptibility of samples
was investigated. The temperature dependences of the real
component of the ac susceptibility in applied magnetic "elds
of 0 and 1 kG are shown in Fig. 9 for x"0.82. Our ac
studies of all x reproduced, to within experimental resolu-
tion, the ordering temperatures seen in the dc magnetization
data. However, when no external DC magnetic "eld was
present, new peaks were observed in the ac susceptibility
signals, and these features were not present in the dc mag-
netization data. Upon application of a 1 kG "eld, these
features were suppressed and, therefore, can be attributed to
the dynamics of the magnetic domains and the powder
nature of the specimens. The temperatures of the transitions
as measured by ac susceptibility did not appear to be fre-
quency dependent from 17 Hz to 1.5 kHz. Therefore, no
spin glass behavior was observed in any of the samples at
any temperature ¹'2 K.

In summary, no evidence of a spin glass state was ob-
tained in our measurements. It is important to note, how-
ever, that a spin-#op transition has been observed in pure
Mn(O

3
PC

6
H

5
) )H

2
O in magnetization vs "eld studies per-

formed at 2 K (22), and a similar spin-#op transition is seen
for the solid solution with x"0.84. However, no spin-#op
signatures were observed for samples with x(0.84, where
an increasing intrinsic background arising from competing
magnetic spins may have masked the spin-#op transitions.
Furthermore, we were particularly curious about the possi-
bility of precursor behavior in the region near the tetracriti-
cal point, i.e., a region bounded by the solid, dotted, and
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broken lines in Fig. 8. However, as discussed at the begin-
ning of this section, no magnetic glassy behavior was ob-
served in this region. Finally, we note that for x"0.30 and
0.35, our studies down to 2 K did not reveal any anomalies
indicative of crossing into an &&intermediate'' phase (34).
Naturally, speci"c heat studies may provide additional in-
formation concerning the existence of and the identi"cation
of such a phase.

Negative magnetization in the cobalt-rich samples. For
x(0.25, ordering is observed, but the value of *M

&#};&#
is

small and negative, Fig. 7. Features in the ac susceptibility
are observed at the same temperatures, so we associate these
temperatures with the transition to long-range antifer-
romagnetic order. The negative magnetization shifts ob-
served for the Co-rich specimens contrast with the positive
magnetization shifts detected for the Mn-rich materials. The
phenomenon of negative magnetization has been identi"ed
previously in a variety of ferrimagnetic materials (41, 42).
Naturally with the doped Co-rich specimens, similar argu-
ments may be made if small regions of ferrimagnetic ordered
phase are present. However, negative magnetization is also
observed in the pure Co material, although it is even weaker
than observed in the data shown in Fig. 7B. Negative
magnetization has previously been observed in the canted
antiferromagnet LaVO

3
(58), and the same phenomenon

may be responsible for the behavior observed for the cobalt
phase (x(0.25).

CONCLUSION

A new series of mixed metal phenylphosphonate solid
solutions, Mn

x
Co

1~x
(O

3
C

6
H

5
) )H

2
O, have been prepared

and their magnetic properties investigated. Each composi-
tion undergoes long-range magnetic ordering to a canted
antiferromagnetic state at temperatures, ¹

N
412 K, and

a magnetic phase diagram has been constructed based on
individual dc and ac susceptibility measurements. For both
the Mn2` and Co2` high concentration limits, ¹

N
decreases

relative to the pure single-ion phosphonates, consistent with
what is expected for magnetic ion impurity doping. The
phase diagram includes four phases with a tetracritical point
at x"0.25 K, indicating a competition between the Heisen-
berg-like Mn2` and the Ising-like Co2` spins, with the
S"5

2
Mn2` dominating the local environment. While prior

studies on mixed-metal systems possessing competing spin
types have shown evidence for spin glass behavior, no such
state is observed in the Mn

x
Co

1~x
(O

3
C

6
H

5
) )H

2
O solid

solutions.
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