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Inhomogeneous Magnet NaMn'"'[BP,O,(OH);|: Ferromagnetic Clusters
Inserted in a Metamagnetic Matrix
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NaMn"'[BP,O;(OH);] (1) has been hydrothermally synthe-
sized and characterized by single-crystal X-ray diffraction.
The manganese(Ill) cations are coordinated in a tetragonal-
elongated octahedral environment, indicating the possible
large magnetic anisotropy. The MnQOg octahedra are inter-
connected by BO,/PO, groups, forming a 3D triclinic net of
Mn'" backbone. Detailed dc and ac magnetic measurements
have been conducted, and a preliminary H-T phase diagram
is deduced accordingly. Compound 1 adopts an unusual
magnetic inhomogeneous model, consisting of ferromagnetic
clusters and a metamagnetic background: At the paramag-
netic temperature region, the Curie-Weiss fit shows that the
manganese atoms are all in the high spin state (S = 2), and
the predominant interaction is ferromagnetic. An antiferro-
magnetic ground state forms at approximately 10 K, the iso-
thermal magnetizations between 6.5 and 10 K show the typi-

cal metamagnetism. At approximately 6.5 K, a short-range
ordering of the ferromagnetic cluster occurs. Below 3.5 K, the
ferromagnetic clusters tend to be frozen at low external field,
and the inhomogeneous magnetism can be clearly indicated
by the isothermal magnetizations below 3 K. This unusual
magnetism cannot be understood by the popular mechanism
in doped manganese perovskites, which are well known to
be magnetically inhomogeneous because of the mixed val-
ence of manganese. In compound 1, one of the possible
reasons for this unusual behaviour is the competition be-
tween magnetic superexchange interactions and the large
magnetic anisotropy of Mn'™,

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Magnetic inhomogeneity, the coexistence of different
magnetic phases in a chemically homogeneous compound,
is an interesting dynamic phenomenon in strongly corre-
lated electron systems.'! In doped manganese perovskites,
there is growing consensus that the inability to attain a
unique thermodynamic ground state is an intrinsic feature.
This issue attracts a lot of attention because of the strong
correlation between inhomogeneous magnetism and colos-
sal magnetoresistance.”) The change in the dynamic phase
equilibrium with composition, temperature and applied
field has been extensively studied by various methods both
theoretically and experimentally.®! In mixed-valent manga-
nese perovskites, it is commonly accepted that the magnetic
inhomogeneity, composed of nanometric-scale ferromag-
netic (FM) clusters and the long-range ordered antiferro-
magnetic background, originates from the competition be-
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tween Mn""-O-Mn'Y double-exchange (DE) and Mn""-O-
Mn"" superexchange (SE) interactions. Most previous re-
search is focused on the composition—-temperature phase
diagrams. It appears that the existence of mixed valence in
manganese is indispensable. Herein, we present a novel
magnetically inhomogeneous compound, NaMn![B-
P,O;(OH);] (1). It shows the valent singularity of manga-
nese but possesses an unusual magnetic inhomogeneity, the
insertion of FM clusters into the metamagnetic matrix. Dc
and ac magnetic susceptibilities have been measured, and a
magnetic field (H) versus temperature (7) phase diagram is
proposed accordingly. More interestingly, the magnetic
phase fractions vary along with the changes in external field
and temperature.

Results and Discussions

Structure Description

Compound 1 is isostructural with M'M™[BP,O;(OH);]
(M" = Na or K, M™ = Al, Ga, In, Fe, V).[Y Crystal data
are shown in Table 1. The atomic coordinates, anisotropic
displacement parameters, selected bond lengths and angles
are given in the Tables 2 and 3. The single-crystal X-ray
diffraction study shows that the manganese(III) cations are
octahedrally coordinated and the boron/phosphorus atoms
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are tetrahedrally coordinated. The selected bond lengths
and angles are all in the normal ranges. It should be noted
that the MnOg octahedron is strongly distorted because of
the Jahn—Teller effect in Mn"" (d*). As shown in Figure Ia,
there are two long axial Mn—O bonds [2.135(3) A] and four
short Mn—O bonds [1.893(3) and 1.999(3) A]. This type of
tetragonal elongation suggests the electron configuration
t*5,d',5d% 5 y» as in LiMnO,.5! MnOg shares four basal
oxygen atoms with PO, groups and two other axial corners
with BO, groups, forming a three-dimensional extended
framework, and the backbone of metal ions is therefore a

Table 1. Crystallographic parameters and refinement results for 1.
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three-dimensional net (see Figures 1b and 1c). The spatial
Mn3*-Mn3* distances are approximately 6.1 A through O—
P-O bridges and 5.3 A through O-B-O bridges. The bond
valence sum (BVS) values calculated from the structural pa-
rameters are mostly regular (Mn = 3.17, B =3.07, P = 4.99,
O1 = 1.919, 02 = 1.824, O3 = 1.946),[% while O4 and O5
have significantly low values (1.251 and 1.173), suggesting
that additional protons are bonded. The negative charges
of the framework are further compensated by the sodium

Table 2. Atomic coordinates and isotropic displacement parameters
(in A2) for 1.

Atom Site N ) B Occu-
Formula H;NaMnBP,O,, pancy cd
CSD number 415996 zZ 4 Mnl 4c¢  0.2500 0.2500 0.0000 1 0.0280(8)
Formula mass 313.70 Pealeagem 2.956 P1 8 0.27385(11) 0.06611(13) 0.32079(13) 1 0.0285(8)
Radiation /A 0.71073 u(Mo-K,)/mm! 2434 (e} 8 031853) 0.10953) -0.1160(4) 1 0.0322(10)
Crystal size/mm 0.3X0.3%x04 Refl. collected 654 02 8 0.3233(3) 0.0942(4) 0.18754) 1 0.0312(10)
Morphology block, black ~ Independent refl. 621 03 8 0.1131(3) 0.0863(4) 0.25514) 1 0.0320(10)
Space group C2e 1> 20(l) 601 04 8 0.33953) 0.1917(4) 04582(4) 1 0.0326(9)
alA 10.504(2) Ry 0.0595 H4 & 0.3299 0.2880 0.4306 0.5 0.049
bIA 8.1747(16) Refined parameters 72 05 8f 0.0536(3) 0.12393) -0.1023(3) 1 0.0328(10)
A 9.0627(18) 0 range/° 329-2494  H5 8f  —0.0057  0.1637 -0.0763 1 0.049
pl° 115.06(3)° GOOF 1.000 Bl 4e  0.0000 0.0268(8)  -0.2500 1 0.0301(14)
VIA3 704.9(3) R, [I > 20(1)] 0.0694 Na  4e  0.5000 -0.1348(3)  0.2500 1 0.0401(9)
Table 3. Selected bond lengths and torsion angles in 1.
Bond Length /A Angle /° Angle /°
Mn-O1(X2) 1.893(3) 01-Mn-02 89.19(11) 03-B-03 103.3(5)
Mn-02(X2) 1.999(3) O1-Mn-O2! 90.81(11) 03-B-05 108.57(16)
Mn-05(X2) 2.135(3) 0O1-Mn-05 89.46(12) 03-B-O5M 111.15(16)
B-03(%x2) 1.490(5) O1-Mn-O5®! 90.54(12) 03[-B-05 111.15(16)
B-05(%2) 1.449(4) O1PL-Mn-Q2! 89.19(11) O3kLB-05 108.57(16)
P-Ol1 1.543(3) O1°-Mn-05 90.54(12) 0O5-B-0O58 113.6(5)
P-Q2Ll 1.520(3) O1PL-Mn-O5®! 89.46(12) O1-P-02 106.43(17)
P-03 1.543(3) 02-Mn-O11®! 90.81(11) O1-P-03 108.86(18)
P-0O4 1.534(3) 02-Mn-05 90.84(12) O1-P-04 111.09(17)
02-Mn-O5®! 89.16(12) 02P-03 111.32(18)
02PL-Mn-0O5 89.16(12) 02 P04 110.91(17)
021 Mn-Q5®! 90.84(12) 03-P-04 106.46(19)
02-Mn-05M! 89.16(12) O1-P-028 106.43(17)

[a] —x, y, —z + 1/2. [b] —x + 1/2, =y + 1/2, —z. [¢] x, -y, z + 1/2.

Figure 1. (a) The local coordination environments for Mn, B and P atoms (hydrogen atoms are omitted); (b) the projection along the ¢
axis of the whole structure of 1; (c) the topology of the Mn'!! backbone.
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cations. The measured atomic ratio for 1 by ICP methods
with an ESCALAB2000 analyzer was Na/Mn/B/P =
0.93:1.00:1.02:2.05, which is consistent with the proposed
formula. The thermal stability was analyzed by thermograv-
imetric analysis (TG) with a Dupont 951 Thermogravi-
metric Analyzer in air with a heating rate of 10 °C/min from
30 to 600 °C. The TG curve shows a one-step mass loss of
about 9.6 wt.-%, matching the dehydration of the com-
pound (see Figure S1 in the Supporting Information).

Paramagnetism above 10 K

The temperature- and field-dependent magnetization in
both dc and ac were performed in order to have a clear
view of the magnetism of 1. In the high-temperature region,
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Figure 2. (a) The plots of y and yT vs. T at 50 Oe. The inset is the
Curie-Weiss fit of the data above 30 K; (b) and (c) temperature
dependence of the ac susceptibility (y’, in-phase signals; y'’, out-
of-phase signals) at frequencies of 1 (l/CJ), 10 (@/O), 99.9 (A/A)
and 997 Hz (#/<>).
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the title compound shows a typical paramagnetism. For in-
stance, the temperature-dependent susceptibility (y = M/H)
above 30 K gives a very good Curie—Weiss fit (see the inset
of Figure 2a). The obtained Curie constant (C =
3.00 cm®*mol ' K) agrees well with the theoretical value of
the isolated high spin Mn™ (3.0 cm*mol 'K for S = 2).
The positive Weiss temperature (0 = 13.3 K) suggests that
the predominant interaction among Mn'!! is ferromagnetic
(FM) at high temperature, which can also be visualized by
a sharp increase in T (vs. T) in going from 20 K to 10 K.
As already stated in the Introduction, compound 1 pro-
cesses a complex magnetism at low temperature, namely
magnetic inhomogeneity, which is composed of ferromag-
netic clusters and a metamagnetic background. Details for
different temperature ranges will be shown in the following
sections.

Metamagnetism between 6.5 K and 10 K

10 K is the first critical transition temperature. As shown
in Figure 2a, the low-field y curve shows a pronounced
peak at approximately 10 K. Below 10 K, the susceptibility
decreases rapidly and reaches a minimum at approximately
6 K. All these indicate that the magnetic ordering state at
approximately 10 K and 50 Oe field is antiferromagnetic
(AFM), irrespective of the predominant FM interaction.
On the other hand, the isothermal magnetization curves at
7-9 K have a sigmoidal shape (see Figure 3), which points
out that 1 is a metamagnet at this temperature region, and
the critical field is approximately 550 Oe as estimated from
dM/dH curves (see the inset of Figure 3).
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Figure 3. Isothermal magnetization curves at 7, 8§ and 9 K. The
insets are the dM/dH plots.

Such metamagnetism is also confirmed by ac suscep-
tibility measurements (see Figure 2b and Figure 2c): when
Hgy. =0, only x' shows a peak at approximately 10 K; while
both ' and y” have peaks at around 11 K when Hy. =
3 kOe. This means that the AFM ordering at 0 Oe changes
to a FM ordering at 3 kOe. For simplicity, we define the
state at low field as AFM and the high-field state as FM.

Eur. J. Inorg. Chem. 2009, 3758-3764
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A Ferromagnetic Cluster Inserted in a Metamagnetic
Background between 3.5 K and 6.5 K

From the peak distinguished at 6.5 K in the y'’ curve
without static field (see Figure 2b), it is known that 6.5 K
is the second key point. Ideally, there should also be a peak
at this temperature in the real susceptibility curve. However,
it is absent in our curve. The reason is probably that this
peak is suppressed in magnitude by the two peaks nearby.
In fact, we do see a tiny non-flat anomaly (or tendency to
be a peak) here in the real susceptibility curve.

The appearance of a peak in the imaginary susceptibility
curve always suggests spontaneous magnetism, which me-
ans that the transition at 6.5 K is ferromagnetic in nature.
However, there are no hysteresis loops in the isothermal
magnetization curves at 4-6 K (see Figure 4), which show
the same sigmoidal shape as those at 7-9 K, indicating met-
amagnetism. This looks like a contradiction.
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Figure 4. Isothermal magnetization curves at 4, 5 and 6 K. The
insets are the dM/dH plots.

In fact, the dc susceptibility curve at 50 Oe has a kink at
6 K and turns upwards thereafter, which is a sign of ferro-
magnetism. Field cooling (FC) and zero field cooling (ZFC)
curves display a bifurcation at approximately 3.5 K. More-
over, the ZFC curve exhibits a decrease below approxi-
mately 3.5 K, which is a typical sign of spin glass or cluster
glass magnets.[l Considering all the above phenomena, the
plausible contradiction we mentioned above could be ex-
plained by using a model of magnetic inhomogeneity com-
posed of ferromagnetic clusters and a metamagnetic back-
ground. The transition temperature of 6.5 K is assigned as
the Curie-like temperature 7., where a set of ferromag-
netic clusters is formed due to short-range ordering defined
as ferromagnetic cluster (FMC) for simplicity. In literature,
the typical diameter of such kinds of clusters is approxi-
mately 10 A (like in La-doped CaMnO3).1! So, it should be
noted that this so-called Curie-like temperature does not
represent a true long-range ordering, because the spatial
fraction of the FMC is too small to coalesce as a homogen-
eous magnet. In such a scenario, there will be no hysteresis
loops because it is just a short-range ferromagnetic order-
ing. So, the M—H curves at 4-6 K only represent the behav-
iour of the major phase, which is the metamagnetic back-
ground. In addition, the peak at 6.5 K ought to be sensitive
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to different frequencies because of the short-range ordering,
which is exactly the case in 1 (see Figure 2b). Now that 1
has been shown to contain ferromagnetic clusters, then it is
reasonable to assume that these clusters could be frozen at
lower temperature (at low external field). Accordingly, the
peak at approximately 3.5 K in the ac susceptibility curve
corresponds to this frozen cluster phenomenon.

The isothermal magnetizations at 4-6 K are presented in
Figure 4, which shows a classical metamagnetism. No hys-
teresis loop is detected. The critical fields are 800 (6 K), 750
(5 K), 700 Oe (4 K). It is worthy of note that the critical
fields show an abrupt jump around 6.5 K (from 550 Oe at
7 K to 800 Oe at 6 K), which is the ordering temperature of
the FMC. This is strong evidence that the different mag-
netic states are strongly related. As a result, we can preclude
the possibility that the metamagnetic and ferromagnetic
cluster phases are compositionally segregated. Only when
the clusters are inserted into the metamagnetic domains
would the critical field needed for the transition from AFM
to FM be affected by the appearance of the short-range
ordering of the FMC. On the other hand, the decreasing
tendency of critical fields from 6 K to 4 K is possibly due
to the diminishing of the metamagnetic component. It is
also well known that different phase fractions in Mn perov-
skites could vary the relative ratio with decreasing tempera-
ture.3al

Figure 2c also shows the ac susceptibility at a relatively
high field (3 kOe), where two distinct and frequency-de-
pendent peaks are observed at approximately 6.5 K and
11 K. We know that the FM ordering occurring at approxi-
mately 11 K is derived from the AFM state of the metamag-
netic background. The second peak appearing at approxi-
mately 6.5 K is related to the short-range ordering of the
FMC. In contrast to the zero field data in Figure 2b, there
is no freezing point at 3 kOe, because the high magnetic
field will break the frozen characteristic of the cluster glass.

Since there are two peaks in Figure 2c related to the
phase transitions of two different magnetic phases, it is easy
to understand that the spin configurations of the FM and
FMC phases are intrinsically different, although they are
both ferromagnetic in nature. According to the crystal
structure, there are two superexchange pathways through
three-atom bridges, i.e. the O-P-O and O-B-O bridges.
Empirically, if these two magnetic pathways mediate dif-
ferent types of exchange interactions, the strong one is FM
and the weak one is AFM in nature (the predominant ex-
change should be FM because of the positive 8 value), the
title compound would show metamagnetism as it is, either
in a one-dimensional model (while the O-B-O bridges
carry the FM interactions) or in a two-dimensional model
(while the O-P-O bridges carry the FM interactions). We
cannot tell which model it would be and cannot present the
magnetic structures of these two ferromagnetic phases on
the basis of the present experimental results alone. We be-
lieve that the long-range ordering of the metamagnetic
background phase is triggered by these two superexchange
interactions. Differently, the appearance of the ferromag-
netic cluster phase is then supposed to be conducted by
3761
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another factor. Note that Mn™ associated with d* electron
configuration has an appealing magnetic peculiarity (large
magnetic anisotropy), which usually plays a key role in con-
structing single-molecule magnetsl®? (Mn;,, Mn,s, Mngs)
and single-chain magnets!'” (Mn"'-Ni'"). Herein, the Mn'!!
ions in 1 also show a strong Jahn-Teller effect, and the
MnOg octahedra are tetragonally elongated, which suggests
the large anisotropic character of Mn™. So, we propose a
possibility that the ferromagnetic cluster phase is formed
mainly as a result of the large magnetic anisotropy. In sum-
mary, the origins of these two magnetic phases (FM and
FMC) could be different, which show competition at low
temperature probably due to the comparative potential en-
ergies of the two phases.

In comparison with the zero field ac susceptibility, the
comparative intensity of the peak at 6.5 K is significantly
enhanced at 3 kOe, which suggests that the spatial ratio of
FMC/FM increases under higher magnetic field. It is very
reminiscent of the inhomogeneous magnetism in electron-
doped Mn perovskites, where the relative phase fractions
could also be influenced by different external applied mag-
netic fields.>?! Both peaks (6.5 K and 11 K) in the ac curves
at 3 kOe show significant frequency dependence, which me-
ans that the FM and FMC states are both short-range or-
dering states under this condition. It makes sense that the
ordering of the FM phase changes from a nearly long-range
ordering at zero field to a short-range ordering at 3 kOe, as

the spatial ratio of the FMC phase increases with the en-
hanced field. This phenomenon can be explained by the fact
that the relative potential energies of the two phases can be
adjusted by magnetic fields because of their different ori-
gins, and apparently, the FMC phase is favourable at high
field.

Ferromagnetic Cluster Glass and Metamagnetic
Background below 3.5 K

Below 3.5 K, the FMC state transfers to its glassy ver-
sion (designated as FMCG) at low field. The isothermal
magnetization curves from 2.8 K to 2 K can be well ex-
plained by the magnetic inhomogeneity theory (see Fig-
ure 5). Here, we introduce the magnetization process at
2.4 K as being representative (see Figure 5c). The initial
magnetization first increases slowly and linearly up to
400 Oe, and it then increases rapidly. The change in slope
includes two contents: one is the transition of the metamag-
netic background from the AFM to the FM state and the
other is the melting of the FMCG state. After high-field
magnetization, the following demagnetization process
shows a finite magnetic remanence (0.33 pg) and a small
coercive field (38 Oe). The remanence originates from the
FMCG component, because the clusters tend to be frozen
at low field and could partially retain the high-field mag-
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Figure 5. Isothermal magnetization curves. The insets are the dM/dH plots.
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netized ferromagnetic spin arrangement. With further en-
hancement of the field in the negative direction, the magne-
tization first shows a rapid increase from -38 Oe to
—-200 Oe, which is different from what happened at the ini-
tial magnetization process. This rapid magnetization is also
related to the FMCG, which now remains partially in ferro-
magnetic ordering after high-field magnetization and be-
haves like a ferromagnet. From —200 Oe and —400 Oe, the
magnetization shows a linear and slow increase period
again, which is attributed to the metamagnetic phase. The
second magnetization curve in the positive direction is dif-
ferent from the first one. It shows a so-called memory ef-
fect.

As shown in Figure 5, the values of the remanence and
coercive field increase from 2.8 K to 2.4 K, indicating that
the FMCG phase develops with decreasing temperature.
The isothermal magnetization at 2 K shows a slight differ-
ence: there is no linear part any more in the second magne-
tization process (see Figure 5d). It does not necessarily
mean that there is no metamagnetic phase below 2 K. The
disappearance of the linear part in magnetization at 2 K
is probably due to the very large remanence (1.32 pg) and
coercive field (830 Oe), which can “swallow” the metamag-
netic transition.

Conclusions

By combining dc and ac magnetic measurements, one
may construct a magnetic phase diagram for 1 (see Fig-
ure 6). There are six boundaries: I is the temperature-in-
duced AFM or FM ordering transition of the metamag-
netic background; II is the field-induced metamagnetic
transition; III is the short-range ordering transition of the
FMC component. It may not be a straight line; however,
we just obtained two critical points at low and high fields
so far; the meaning of IV is the same as II, but the values
of critical fields are obviously higher because of the influ-
ence of the short-range ordered FMC component; V is the
frozen line of the FMC component; VI is slightly different
from V and means not only the frozen line of the FMC but
also the AFM—-FM transition of the background phase.

The magnetic behaviour of 1 is very complex because
of the inhomogeneity. Similar phenomena are extensively
observed in perovskite manganites, in which the physical
mechanism is the competition between ferromagnetic DE
(Mn"-O-Mn'"Y) and antiferromagnetic SE (Mn""-O-
Mn'") interactions.”! However, the same mechanism might
not work in NaMn'"'[BP,O,(OH);], because there is no evi-
dence for the coexistence of Mn'! and Mn'V in 1, and the
magnetic couplings here are conducted by three-atom brid-
ges (i.e. O-B-O or O-P-0), not the oxygen atom only. In
addition, the magnetic inhomogeneity in 1 is also different
from that in perovskite manganites, where the inhomo-
geneity contains FM clusters and an antiferromagnetic
background.

At present, the origin of magnetic inhomogeneity in 1
still remains open. It is well known that the magnetic in-
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Figure 6. H-T magnetic phase diagram for 1. The boundary shown
by short dotted lines is not determined by experiment but just as-
sumed to guide the eye. The critical points between paramagnetic
(PM) and AFM (or FM) states are estimated form d(y7)/d T values
measured at different external fields (see Figures S2 and S3 in the
Supporting Information).

homogeneity is normally a consequence of competition.
Herein, the Mn"" ions in 1 show a strong Jahn—Teller effect.
So we propose a clue that the competition in 1 is possibly
between the magnetic superexchange interactions and the
large magnetic anisotropy. Further investigation is needed,
and the magnetotransport property of 1 is also of potential
interest under the consideration of this unusual inhomogen-
eous mechanism.

Experimental Section

All reagents were of analytical grade and were used as obtained
from commercial sources without further purification. Typically, a
mixture of MnO, (5 mmol), Na,B40,10H,O (10 mmol) and con-
centrated H3;PO3 (3 mL, 14.6 mol/L) was charged into a 50 mL Tef-
lon reactor and heated at 200 °C in a steel autoclave for 4 d. The
solid product was washed extensively with hot water (80 °C) until
the soluble components were completely removed. Black block sin-
gle crystals of 1 were obtained with a yield of about 95% based on
metal resource.

A single crystal of about 0.3 X 0.3 0.4 mm? was used for X-ray
diffraction data collection at room temperature by using a Rigaku
AFC6S diffractometer with graphite-monochromated Mo-K,, radi-
ation (4 = 0.71073 A) by the w-20 scan method. The structure was
solved with direct methods and refined on F? by full-matrix least-
squares methods with the programs SHELXS-97 and SHELXL-
97.111' All non-hydrogen atoms were refined anisotropically by a
full-matrix least-squares technique. Further details of the crystal
structure investigation may be obtained from the Fachinforma-
tionszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Ger-
many [Fax: +49-7247-808-666; E-mail: crysdata@fiz-karlsruhe.de],
on quoting the depository number CSD-415996.

The magnetic properties were investigated with a Quantum Design
MPMS-SS superconducting quantum interference device (SQUID)
magnetometer. For measuring the magnetic susceptibility, crystals
of 1 were placed in a gelatine capsule fastened in a plastic straw
for immersion into the SQUID. For a typical ZFC measurement,
we cooled the system to 2 K without the external field, then applied
a setting magnetic field, and the magnetization was measured in
the following warming process. After that, we cooled the system
again and measured the FC magnetization in the meanwhile. When

3763

www.eurjic.org



FULL PAPER

T. Yang, Y. Zhang, J. Lin

different fields were employed, we increased the temperature of the
system to 20 K after every thermal cycle to avoid the magnetic
hysteresis effect.

Supporting Information (see footnote on the first page of this arti-
cle): TG, IR, y—T, M-T and M-H curves at different temperatures.
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