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Magnetic properties of mixed ferro-ferrimagnets composed of Prussian blue analogs
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We have succeeded in controlling the saturation magnetizatign the Weiss temperatur@), and the
coercive field H.) using compounds in the series CMn!_X)llg[Cr”'(CN)G] as model compounds. The key to
this strategy is to manipulate both ferromagnetlc-Q) and antiferromagneticJ0) exchange interactions
by incorporating the appropriate molar ratios of the transition-metal ions. Minimum valligsvefe found for
x values close to 3/70.429, just at the point where parallel spif8r'"' and Ni') and antiparallel spins (M)
should completely cancel out. Tlte values increased monotonically from negative to positive with increasing
X, indicating that the predominant interaction mode was shifting from antiferromagnetic to ferromagnetic. The
highest coercive field was observed for a compound withxaralue close to 3/7. The magnetization vs
temperature curves beloW, exhibited various types of behavior, dependingxorfror example, the curves for
x=0 andx=1 exhibited monotonic increases in magnetization belowvith decreasind’, while the curve
for x=0.45 exhibited a single maximum, and that for 0.38 exhibited two maxima in a field of 1000 G. Of
particular interest is the fact that the compound for whictvas 0.38 exhibited negative values of magneti-
zation in a field of 10 G below approximately 39 K and positive values above this temperature, showing that
the magnetic pole can be inverted. We analyzed these temperature dependences using molecular-field theory
with three types of sublatticéNi, Mn, Cr) sites. This phenomenon is observed because the negative magne-
tization due to the Mh sublattice and the positive magnetizations due to tHeaxid CH' sublattices have
different temperature dependencE$0163-18207)05042-X]

. INTRODUCTION (Ni'™mr!'_); JCr"(CN)s] compounds, which can accom-
modate both ferromagneticJ&0) and antiferromagnetic

In general, materials which exhibit strong bulk magneti-(3<0) exchange interactions. Their magnetic properties,
zation can be roughly divided into two categories, ferromagch as saturation magnetizatiohs)( Weiss temperature
nets (parallel spin orderingand ferrimagnetgantiparallel (6), and coercive fieldH.), can be controlled by changing
ordering of unlike spins Our objective in the present work e compositional factox.5 In addition, we have also dem-

is to gainhundt_arstarf]dingfof a new typi_orz w‘)'ecmﬁ'ba?e%nstrated various types of temperature dependences of the
magnet, the mixed ferro-ferrimagnet, which has both a fer;,netization by changing In most cases, the spontaneous
romagnetic and ferrimagnetic character. It may be difficult to

) 0 : magnetization increases monotonically with decreasing tem-
achieve such properties in metal-oxide magnets because vari-

ous T o . ) X . gerature belowl .. However, in the classical theory of fer-
ypes of magnetic interactions involving the metal ions. p . .
can operate in these systems, including superexchange im&r_nagnets, I\_Iel gnwsaged the p055|p|l|ty Fhat the Spof“a”e'
actions, direct exchange interactions, and dipole-dipole inter2YS magneﬂzaﬂon T“'ght change sign, i.e., mqgnetlc pole
actions. Instead, we have chosen Prussian blue analogs 'J¥€rsion, at al6part|cular temperatufeompensation tem-
target materials. These materials comprise one of the moferature,Teomp.™ In fact, several magnetic materials, such
attractive classes of molecule-based maghétsome with @S NiFe_,V,0, and Li F& 5 ,AlO,, exhibiting negative
h|gh critical temperaturesTQ)_4_7 For examp|e, Verdaguer magnet|zat|0n have been fOUH(T.Z?Recently, in the field of
et al. reported Cr(CN)glo.gs 2.8 H,O, which exhibits the ~Mmolecular-based magnets, Mathoeieet al. and Reet al.
highest critical temperaturd (=315 K) among the Prussian have  reported  that  NB[F€'F€"(C,0»4  and
blue analogg.In addition, Prussian blue analogs are usefull K{Mn(3-MeO-salejj,{Mn(CN)g}] [3-MeC-salen
for the molecular design of magnetic properties because vari=N,N’-ethylenebig3-methoxy salicylideneamingtp show
ous types of metal ions can be easily incorporated as spinegative magnetization, although the mechanisms have not
centers™* Their common fcc structure allows us to easily yet been elucidatett=23In the present work, we have been
understand the superexchange interactions between tlable to design magnets exhibiting negative magnetization by
neighboring metal ions through the cyanide bridging ligandsfine tuning the composition. The temperature dependence of
Depending on the types of metal ions incorporated, thesthe magnetization can be explained using molecular-field
materials show either ferromagnetism or ferrimagnetism. theory. Moreover, in a mixed ferro-ferrimagnet
As prototypes exemplifying our concept of the mixed (Fey 4MNgg01dCr'(CN)g] exhibiting negative magnetiza-
ferro-ferrimagnet, we recently synthesized a series ofion, we have recently succeeded in demonstrating a photo-
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induced magnetic pole inversighThis phenomenon draws as the sum of the ferromagnetidge>0) and antiferronag-
attention to the possibility of novel types of functionality for netic (J,z<0) orbital contributions. Kinetic exchange usu-
magnets. ally operates in preference to potential exchange, |iJgg]|

In this paper, we report the details of the magnetic prop=>|Jsd. For example, in CMn"[Cr'"(CN)¢], with a high-
erties and theoretical treatment of this novel mixed ferrospin state for M [(tzg)3(eg)2, Sw=>5/2], the interaction
ferrimagnetic phenomenon, attempting to answer the followpetween Cf and Md' is antiferromagnetic, and the com-
ing questions(1) How are thel s values controlled in ternary  pound is a ferrimagnét.
metal Prussian blue analog&?) Why is theH, value largest
for the composition of vanishinks? (3) How do theé values
depend on the mixing ratio between ferromagnetic and ferri-
magnetic character®) Why does negative magnetization  In the Prussian blue analogyPB" (CN)e], the carbon
appear? ends of the cyano groups are always bonded 'foaRd the

nitrogen ends are always bonded t8,Aand hence the A
Il THEORY and B" ions are linked in an alternating fashion. Moreover,
the superexchange interaction between the second-nearest-
_ _ _ neighbor sites, AA" and B"-B" [Fig. 1(b)], can be ne-
A. Superexchange interactions of Prussian blue analogs glected because of their long distan¢es. 10 A. Therefore,

Let us first consider the magnetic coupling of metals inwe only need to take into account a superexchange coupling
Prussian blue analogs. The coupling is explainable neither bigetween nearest-neighbor sites. Under these conditions, even
weak dipole-dipole interactions nor by direct exchange interif several different transition metals {'/}\ are involved, the
actions via overlapping metal orbitals. The coupling may bandividual signs for each 'Aare aligned either ferromagneti-
described in terms of a superexchange mechanism througtally or antiferromagnetically with respect to thé! Bpins,
the cyanide ligands. The superexchange mechanism is surdepending on their exchange charagféig. 1(c)]. Note that
marized on the basis of the Goodenough-Kanamori#ul€,  spin frustration does not need to be considered. Conse-
which includes consideration of the symmetry of the metalquently, the saturation magnetizatiohs) of A"'[B"(CN)4]
and ligand orbitals concerned and the bond angle. There aegt 0 K is expressed by
two mechanisms for superexchange interactions: the kinetic
exchange mechanismJyg) and the potential exchange
mechanism {pg) [Fig. 1(@)].1%% On one hand, kinetic ex- ls= s gBS(B>+y2i GiXiSay)| @)
change is mediated by a direct pathway of the overlapping
orbitals, which connect the two interacting magnetic orbitalswherey denotes the molar ratio of”A(:A2+Ag+ --+) to
It is antiferromagnetic in nature as a consequence of th8", x; is the mole fraction of Ain A", q; is the sign of the
Pauli principle, leading to an antiparallel spin ordering via asuperexchange interactiod{g) between A and B, ie.,
common covalent bond. On the other hand, potential ex- 1 for ferrimagnetic interactions and1 for antiferromag-
change is effective between orthogonal magnetic orbital$ atic interactions. Thgg andg; terms are the factors for

with comparable orbital energy. In this case Hund’'s ruIeBm and Au respectivelyS, »; is the spin quantum number
leads to a parallel spin alignment, i.e., a ferromagnetic interfor metal A’ and g is the(ABl)ohr magneton
1 B .

action. In the case of Prussian blue analogs, th.e metal ) he present study, we consider the ternary metal Prus-
orhb|talfs arebspllg INtot 5 and_eg st()a_tslby the CN ligands. sian blue analogs that are comprised qf A,, and B and
Therefore, based on magnetic orbita §ymmet'ry, we can ur\i¥hich include both ferromagnetic interaction§53> 0) and
derstand whether the superexchange interaction among met- o : , )
als ions islye or Jpe. When the magnetic orbital symmetries ferrimagnetic mteractlonSJQzB<0). We first consider the
of the metals are the same, the superexchange interactionigodel compounds, NJCr'"' (CN)g] - 8 H,0,% a ferromagnet,
Jke. Conversely, when the magnetic orbital symmetries ofand Mr JCr"'(CN)g] - 7.5 H,0,% a ferrimagnet. Assuming
the metals are different, the superexchange interaction ig=2 for Cf'', Ni", and Md', the saturation magnetization
JpE. values for the two compounds for these compositions are
As an example, we will consider the case of the hexacyexpected to be @z (due to parallel alignment of the spins,
anochromate cyanidelACr" (CN)g], with Cr'" being ,4)®  with Syi=1 andSc,=3/2) and 4.5ug (due to antiparallel
andSq,= 3/2. The magnetic orbitals of tt‘rhavetZg symme-  alignment of the spins, witBy,,=5/2 andSc,= 3/2), respec-
try. Therefore, there is no overlap betweet'@nd A' mag-  tively. If powders of the two compounds are physically
netic orbitals, if all of the magnetic orbitals of“Ahaveeg mixed, the total ¢ will vary between 4.5 and Gz, depend-
symmetry. In this situation, the potential exchange mechaing on the mixing ratio. However, when the two compounds
nism becomes dominant, leading to a ferromagnetic interacre mixed at an atomic level, ie.,
tion between Cf and A'. In fact, in CSNiI"[CF'(CN)g],  (NiyMn}_,); JCr'"(CN)¢], parallel spingCr'" and Ni') and
with a high-spin state for Ni[(tzg)e(eg)z, Sni=1], a ferro-  antiparallel spins (M) can partially or even completely
magnetic interaction operates betweef!' @Gnd Ni'.8 How-  cancel, depending on the mixing ratji&ig. 1(c)]. In this
ever, when all of the A magnetic orbitals have,, symme-  manner, materials withs values anywhere in the range 0 to
try, the overlap between thi, (A) and t,4(Cr) orbitals 6 wg may be prepared. The dependencd obn x can be
gives rise to kinetic exchange, leading to an antiferromagealculated using Eq(1). | is predicted to vanish fox
netic interaction. If bottt,;, ande, electrons are present on =3/71° and such a material should exhibit antiferromagnetic
A", the superexchange coupling constaitd) is described properties.

B. Magnetization of mixed ferro-ferrimagnets
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Cr; (V) C; (A) N.

IIl. EXPERIMENTAL DETAILS

A. Materials

I N » Foeee-
PO >=:---

For the preparation of the Prussian blue
analogs incorporating three different metal ions,
(Ni'Mn!_); {CrM"(CN)g] - zH,0, a 50 cm aqueous solu-

- tion (0.02 mol dm?3) of NiCl, and MnC} was added to a
e Al concentrated aqueous solution (7%mof Ky[Cr(CN)g]

: (0.1 mol dm ®), yielding a light blue colored microcrystal-

' line powder. The precipitate was dialyzed for 48 h and then
Lag >> Q) . Jaatii) filtered. The fraction X.,;,) of Ni'" vs (Ni'+Mn'") in the
above diluted aqueous solution was varied from 0 to 1, keep-
ing the total metal ion concentration at 0.02 mol dinEl-
emental analyses for C, H, and N were carried out by stan-
dard microanalytical methods. Those for Mn, Ni, and Cr
were analyzed by atomic absorption spectrometry.

Jaaiv)

B. Spectral and magnetic measurements

Infrated (IR) spectra were recorded on a Biorad Model
FTS 40A spectrometer, using KBr pellets or by spreading
thin layers on polyethylene sheets. UV powder reflection
spectra were recorded on a Shimadzu MPC-3100 spectrom-
eter. X-ray powder diffraction was measured on a Rigaku
PW 1370 powder diffractometer. Electron paramagnetic
resonanc€EPR) spectra of powder samples were recorded at
room temperature with a JEOL RE2X X-band EPR spec-
trometer. Magnetic susceptibility and magnetization mea-
surements were carried out using a Quantum Design MPMS

FIG. 1. (a) The two basic mechanisms for the isotropic ex- 7 superconducting quantum interference device magnetome-
change in the magnetic coupling between AtteandB' ions inthe  ter. Polycrystalline samples were loaded into gelatin cap-
CN-bridged complex. On the left is one of the significant kinetic gyles. To estimate the Weiss temperatures, magnetization
exchange Jxg) pathways @, /li7,ld,,) and on the right is one of 45ta were collected from 150 to 300 K.
significant potential exchangeldg) pathways @/l 7, 7,lldyy).
The superexchange coupling betweh andB"" (J,g) involes a
superposition oflpg and Jxg. (b) In the Prussian blue structure,
superexchange interactions at a 180° angle betwéeandB" are A. Structures of (Ni''Mn"_ ); JCr' (CN)]-zH,0

dominant over superexchange interactions of second-nearest- h | | | ¢ h hesi |
neighbor metals[Jaa(i)] and direct exchange interactions The elemental analyses for the synthesized complexes

[Jaa(ii)]. (c) Schematic diagram illustrating mixed ferro- Showed that the experimentally obtainedvalues were in
ferrimagnetism with both ferromagnetid{z>0) and antiferro- 900d agreement with the,, values used in the syntheses
magnetic (,5<0) interactions. Ct and either NI or Mn", which ~ and that the amounts of the other eleme@s C, N, and Hi

are randomly incorporated in the lattice, are linked in an alternatingvere essentially constaiFig. 2).3° The water content2)
fashion. depended on the humidity and temperature. Under our typi-

IV. RESULTS
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cal experimental conditionghumidity 70%, temperature ture in order to determine thg factors for the metal ions.

25 °C), z was between 7.5 and 8. The EPR spectra for each complex showed one peak, yield-
The Cr-C stretching frequencies in the IR spectra for theng either an averagegl factor for the nickel and chromium

resulting ternary metal complexes increased continuouslgtoms g=2.03) or an averaged factor for the manganese

from 366.52 to 384.85 cht with increasingx. Moreover,  and chromium atomsg=2.00), respectively. Thg values

the CN stretching frequencies also increased continuoushy the (Ni'Mn!_ ), JCr"(CN)g] -zH,O series increased

from 2160.8 to 2165.0 cit. These observed signals can be monotonically frlo_r;; 2.00 to 2.03 with increasing

assigned neither to manganese cyanidds-CN) nor to In the magnetization vs field measurements at fields up to

nickel cyanides(Ni-CN) but rather to chromium cyanides : . .
(Cr-CN). and the character of the bond between the meta? T, the saturation magnetizations, consideringghealues

(Cr) and CN were successively changed depending.on 7
The x-ray powder-diffraction patterns for all of the ter-
nary complexes were consistent with the fcc structure. The

x-ray powder-diffraction spectra fox=0, 0.42, and 1 are
shown in Fig. 8a). The lattice constant decreased succes-
sively from 10.787 to 10.467 A with increasing

[Fig. 3(b)]. The linewidth also increased with increasirg
Conversely, when MpJCI'"(CN)] (x=0) and

Ni] JCr"(CN)g] (x=1) powders were mixed, the peaks for
both components were observed. Therefore, these materials
were not physical mixtures of NJCr'"(CN)] and

Mn} JCr'"(CN)g] powders but were actual ternary metal

Is (ug)

o -~ N W b OO

complexes, (NiMn!_,); {Cr" (CN)g] - zH0, in which Mr' 0 02 04 06 08 1
and NiI' were randomly incorporated in the lattice, corre- X
sponding to the mixing ratio of NiGland MnC}.

FIG. 4. Calculated and experimentally observed saturation mag-
netizations as a function ofx. Atomic-level mixture
((Ni¥Mnl_,), 4CrM (CN)g] - zH,0): theory (—), observed(®).

The EPR spectra for BYCr'(CN)j]-8 H,0 and Macroscopic  physical  mixture xNill JCr'(CN)g] + (1
Mn} JCM'(CN)g] - 7.5 H,O were measured at room tempera- —x)Mn} JCr''(CN)g]): calculated(---); observed¥).

B. Magnetic properties
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ceptibility: (O) x=0; (A) x=0.42; (OJ) x=1. The magnetization s 3
data between 150 and 300 K were fitted to linear Curie-Weiss plots 700 3 ® E
(—). 600 F 3
F L] E
for Ni{l JCr''(CN)g] and Ml JCr''(CN)g], were determined o) >00 b E
to be 5.65ug and 4.38 ug, respectively. When pow- ¥ 400 | o E
ders of the two compounds were physically mixdd, 300 E * 3
varied linearly between 4.38 and 5.6bg, depending 200 3 E
on the mixing ratio. In contrast, thé; values for the : . °e, "
(Ni'Mn!_,); {Cr"(CN)g- zH;0 series showed a systematic 100 £ E
change as a function of. For 0<x<3/7, | ; decreased lin- LSS
early with increasingx. In contrast, abovex=3/7, it in- 0 02 04 06 08 -1
creased linearly with increasing The minimuml ; value, at x
x close to 3/7, was nearly zero, as seen in Fig. 4.
The magnetic susceptibilities for all of the compounds, € [ LI
measured in a field of 5000 G, closely obeyed the Curie- 6 _ _
Weiss law between room temperature and 150Hqg. 5. s 3
The values of the Weiss temperature&.)( extracted by SE E
least-squares fitting of the data, are listed in Table I. These - 4 3
values increased monotonically from negative values to posi- -~ :
tive values with increasing. 3F E
The widths of the magnetic hysteresis loops for composi- 2 E 3
tions in whichx was close to 3/7, e.g., 0.42, were wider than : 3
those at othek values[Fig. 6(@)]. The coercive fieldH, for TF E
x~3/7 was much larger than those at othevalues, e.g., 6 o e
G (x=0), 680 G &=0.42), and 120 GX=1). 0 02 04 06 08 1
TABLE I. Magnetic properties of (NiMn}_,), {Cr'(CN)g]. X
) FIG. 6. (@ Hysteresis loops ta 5 K for
Xpmix X ls (mp) Te (K) 0 (K) He (G) (NiQMn!_x)l_S[Cr"'(Cn)e] . ZH,0: (A) x=0: (0) x=0.42: (O) x
0 0.00 4.38(4.422 67 —54 (-51)2 6 (15?2 =1. (b) Plots ofH values vsx. (c) Plots of (¢) ! vsx: calculated
0.1 0.11 2.90 67 —45 50 curve (—) based on Eq(2) with mAo=1; observed )
0.2 0.21 1.77 66 —44 120
0.3 0.33 0.84 63 —34 340 The magnetization vs temperature curves exhibited quite
0.36 0.38 0.51 66 —-28 650 interesting behavior below ., depending onx. For ex-
04 042 0.18 68 -15 680 ample, the curves foxk=0 and 1 exhibited monotonic in-
0.43 0.45 0.15 68 -4 540 creases in magnetization with decreasingwhile the curve
05 052 1.06 68 1 370 for x=0.45 exhibited a single maximum and that fer
06 062 1.74 69 31 160 =0.38 exhibited two maximéfield=1000 G [Fig. 7(@]. In
07 071 259 69 42 140 a field of 10 G, however, those compounds in whiclvas
08 081 362 70 68 120 0.38~0.42 exhibited negative values of magnetization below
1 1.00 5655447 72 88(75°  120(2202  Particular temperatures and positive values above these val-

8Reference 29.

ues, showing that the magnetic pole can be inverted at those
temperature$Fig. 8a)].
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FIG. 7. Magnetization temperature curves for [Mn!_,); {Cr"'(CN)g] - zH,O: (a) experimental points obtained at 1000 G &l
calculated dependence [ | based on molecular field theory, assuming three sublattices, thd twefficients(Jyc,=5.6 cmi ! and
Juner=—2.5 cm'Y), and the compositional parameter

V. DISCUSSION (Ni'Mn!_ ); {C"'(CN)g] can be obtained using Eq1).
A. Saturation magnetization The experimentalg values were in good agreement with the

. . calculated valuesFig. 4). In contrast, the experimental
Thegy; andgc values for chromium _cyanldes h"’?"e been values for the physically mixed powders indicate that there is
reported to be 2.15 and 1.99, respectivél{erom thisgc,

value and the EPR data for ®n"[Cr" (CN)], we obtained negligible magnetic interaction between |NiCr'" (CN)g]
gun=2.0032%2Using thesey values, the spin quantum num- Particles and MiidCr" (CN)g] particles (Fig. 4). These re-
bers for the metaléSy=1, Syn=>5/2, Se,=3/2), together sults suggest that our assumption is correct. That is, if the
with x, the I values for the members of the series ferromagnetic and ferrimagnetic powders are physically
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(—) based on molecular field theory, with three sublattice glsMn, Cr), with J coefficients)yic,=5.6 cni * andJye,=—2.5 cmi L.

mixed, the totalls varies linearly between the respective same, theH . values are expected to depend lgn For ex-
saturation magnetization, depending on the mixing ratioample, in the case of hysteresis curves for substances in
However, if the ferromagnet and ferrimagnet are mixed at anvhich cubic crystal anisotropy predominated. is ex-
atomic level, parallel spins and antiparallel spins can parpressed by
tially or even completely cancel, depending on the mixing
ratio. TNO

In general, when different metal ions are substituted for He= 1. @
one another in metal oxides such as yttrium-iron-garnet and °
gadolinium-iron-garnet, the estimation of the saturation magwhere\ is the magnetostriction and s the internal stres¥.
netization is not straightforward because such substitutiofThis equation shows thad is proportional to [;) ~*. The
often induces structural changes. In our system, however, thslots of H, and () ! vs x showed a qualitatively similar
saturation magnetization is controlled at will, according topattern to that shown in Figs(l§ and Gc). Therefore, we
theory, simply by varying from 0 to 1. One of the reasons can assume the grain sizes to be constant for the whole
for this is that, with Prussian blue analogs, the cubic strucrange and the largel . values atx close to 3/7 to be due to
ture is maintained even if different metal ions are substitutedmall | ; values.
for one another.

D. Thermodynamics of spontaneous magnetization

B. Weiss temperature In general, ferromagnets exhibit monotonically increasing

The sign ofé, is determined by the superexchange inter-magnetization curves with decreasing temperature b&low
action between magnetic centers, i.e., either ferromagnetic ¢gdowever, in the case of ferrimagnets, éleenvisaged the
antiferromagnetic. Usuallyd, is negative for ferrimagnets possibility that saturation magnetization vs temperature
and positive for ferromagnets. In fact, tifdg values for fer-  curves could be classified into four types according to the
rimagnetic M| JCr'"'(CN)g]-7.5 H,O and ferromagnetic shape, i.e.Q, R, P, andN types. TheQ andR-type curves
Ni!_5[Cr“'(CN)6] -8 H,O were—67 K and 72 K, respectively. €xhibit monotonic increases with decreasing temperature,
In (NP'Mn!'_ ), JCr"(CN)g] - zH,0, 6, increased mono- While theP type exhibits a single maximum and thetype
tonically from negative to positive values with increasig €xhibits two maxima. Interestingly, under small external
(Table ). This variation is proposed to be due not to changegnagnetic fields, the spontaneous magnetization of materials
in the magnitudes of the superexchange interactidyg,,  ©xnibiting N-type behavior can change sign at a particular
Juncy) but to changes in the weighted averagelgf, and ~ {emperaturécompensation temperaturByomp). In fact, sev-
Juncr @S a function oik. Therefore, thex dependence o, gral ferrlmagneuc materials exhibiting negzaztéve magnetlza—
indicates that the macroscopic superexchange interactidiPn. €-9-, NiFe_,V,O, have been fount."® This phe-
mode for the mixed ferro-ferrimagnet was shifting from an-nomenon appears when two sublattice magnetizations due to
tiferromagnetic to ferromagnetic. Fé' ions (S=5/2) on the tetrahedraly) and octahedralg)
sites in the spinel ferrite have different temperature depen-
dences.

Magnetization vs temperature curves beldwy in the

TheH, values forx close to 3/7 were larger than those for (NitMn!_,); JCr"(CN)¢] - zH,O series exhibited various
other values. In general, thé. values depend upon the grain types of behavior depending on The shapes of these
size of the sample. However, if the grain sizes are nearly theurves resemble those of the theoretical curves predicted by

C. Coercive field
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Neel, e.g., typeR (x=0), type N (x=0.38), typeP (x 2Zunerd 1= X) Iyncr

=0.45), and typ&® (x=1). However, the model in the & Hun=Ho+ o (Scn)s (13
theory is composed of two types of sublattice sites. The B

(NilMn!_,); {Cr"(CN)g] series is composed of three sub- 2Z e Inicr

lattice sites. Therefore, we have to analyze the spontaneous Hni=Hot ————— (Scr), (14)
magnetization VS temperature curves for 9rs

(Ni'Mnl_,), 4Cr"'(CN)s] based on a molecular-field model 27 o (1-%)] 27 I

with three types of sublattice sitg®i, Mn and C).3% In  He=Hg+ crn( 17 X) MICT (S + — N (g,
Prussian blue-based magnets, the superexchange interaction 9ue 9ue

between the second-nearest-neighbor sites can be neglected (19
because of their long separation distanes10 A. There- the magnitudes ofSy,), {(Swi), and(Sc,), settingHy=0,
fore, we need only take into account the superexchange coare given by

pling between nearest-neighbor sites. The molecular fields

Hni, Hun @and He, acting on the three sublattice sites in (Sun) = SumoB (QMBHMnSMn o)
(NiMn!_,); {Cr'"(CN)g]- 7.5 H,O are expressed as fol- Mn " 0=Swn o kgT
lows:
2ZMnCr( 1- X)JMnCrSMn 0
Hun=Ho Nync:M ® = SunBsyo keT (Sed |
Mn— 10 MnCriVICr» B
(16)
Hni=Ho+ NnicrM ey 4
gusHniShio
Her=Ho+ NerminMmn+ NeniMi 5 (Sni) = Sni OBSNi0<I<B—T)
where H, is the external magnetic fieldp; are the 27 e InicrSui
molecular-field coefficients, and y;, My, andM¢, are the —S\ioB (M <Sc>> (17)
. . . . . i0 SNiO k T T, 1
sublattice magnetizations per unit volume for the Ni, Mn, B

and Cr sites, respectively. The molecular-field coefficients

n;; are related to the exchange coefficientg)( by (Se)= SCroBsc,o( QMBchTrSCro>
o 2LMRCT (6) 2Z o 1= X) Junc:Se
MNCr= " N, 12 “MnCrs crvntL —=X)JImncrocro
" pN(gue)” T :SCrOBSCrO( = keT = (Swn)
Nnic :—ZZNicr Jnic (7) 2ZciniXIvinerScr o
T uN(gue)® TN L e C (18)
2Z cvn whereBg is the Brillouin function,Syng, Snio and Sc,q are
Mo =\ N(gug)? Imncr (8  the values o Syy), (Swi), and(Sg) at T=0 K, andkg is
the Boltzmann constant. TR&y,), (Sni), and({S¢,) can be
27 calculated numerically. The total magnetizatidvi ;) is
NI
Mo = 3N g ]2 INCr- ©
TN AN(gue)® T Mioia= ~Munt Mg+ M= Ngaal =\ (1=X)(Syn)
where ug is the Bohr magnetory;; are the numbers of the +AX(Sni) + #{Scr)]- (19

nearest-neighbdrsite ions surrounding gsite ion,N is the . . ) )
total number of all types of metal ions per unit volume, andThe negative and positive signs are for antiparallel and par-

\ and u represent the mole fractions for thé Aations(total aIIt_aIII | intemactions, respectively. For
of the mole fractions for Mhand Ni') ions and for the ¢ (NixMn;_,); {Cr(CN)g]- 7.5 H,O, the numbers of nearest
ions, respectively. neighborsZ;; are Zync=Znicr=4, Zcmi=Zcmn=6; and

If we designate the thermally averaged values of the spin§ther quantities are as follows:=1.5; u=1; Syno=5/2;
of the Mn, Ni, and Cr ions in their respective sites in the Snio=1; Scro=3/2; andg=2.

direction of each sublattice magnetization (&), (Sni), In order to calculate the temperature dependence Jthe
and(Sc,), the sublattice magnetization can be expressed aalues of Mif JCr'"'(CN)¢] and Ni Cr" (CN)g] must be es-
follows: timated. These values were obtained from the obsefiyed
values for these compounds. The relationship betweef the
Mmn=A(1=X)Ngue(Sun); (20 values for the Prussian blue analogs and Xhalues is ex-
pressed as follows:
Mni=AXNgue(Syi), (13) —
> =LZ“|J”| VSI(S+1)S(S+1) (20)
Mc=uNgug(Scy), (12) ¢ 3kg e ’

Substituting Egs.(6)—(9) and (10)—(12) into (3)-(5), we  where i=Ni or Mn and j=Cr. Based on this equation,
have Jnicr=5.6 cmi't and Jyne,=—2.5 cmi ! were obtained, us-
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ing T, values of a 72 K for NfJCr'"'(CN)g] - 8 H,O and a 67 a

K for Mn} JCI'"'(CN)g] - 7.5 H,0. Thesel values are reason- 5-

ably close to those for Mr—Cr'" interactions and NiCr'"

interactions in heptanuclear '®¥n{ and in CF'Ni} com- 47

plexes, respectively. 3-
The Jyicr value for the heptanuclear W:Ni'g complex

M Cr

[ Cr{(CN)Ni(tetraeng(ClO,)q is 8 cm * and thely,c, value 3; 21 M
for the heptanuclear #EMng complex 5 11
[ CH(CN)Mn(trispicMeeng}(ClO,) g (trispicMeen:N,N,N’ - ®
(tris(2-pyridylmethy)-N’-methyl-ethangl,2-diaming is % 0 |
— 4 ¢y 13637 P

cm -. . . . . S 11 Moowt

For the calculation of magnetization dependences in the g 2

(Ni"Mr!_); «C'"(CN)g- zH,O series, the magnetizations of
Ni and Cr are expected to be along the direction of the ex- -3 -
ternal magnetic field because experimental curves were ob-
served by a field coolingl0 or 1000 G method and thd .
value for N JCr"(CN)] was higher than that for S5 M
Mn! JC'"'(CN)g]. Therefore, in this system, the signs of the
magnetization of ferromagnetic sit¢sli and Cp were as-
sumed to be positive. Moreover, the calculated spontaneous
magnetizations are essentially the saturated values, because Temperature (K)
molecular-field theory does not consider the magnetization
process. In the experiment, however, the observed magneti-
zation depends on the external magnetic field. The negative b
magnetization belowl .o, is compelled to invert along the
external magnetic-field direction when the external magnetic
field is larger. Therefore, for simulations of observed tem-
perature dependence curves at 10 and 1000 Gyithg and +
the [M sl curves were adopted, respectively.

Under these conditions, the temperature dependences of
the spontaneous magnetization were calculated for several -
different compositions. Fax= 0, only Jy.c; appeared in the
equation, and hence the curve exhibited a monotonically in- 0
creasing magnetization with decreasing temperature. For
0.33<x<3/7 (0.429, the [My,| curves exhibited two FIG. 9. (a) Calculated temperature dependence curves for each
maxima, with a minimum al c,m,[see curve fox=0.38 in  sublattice(My,, My, M) and total magnetizatiofiM,y,) for
Fig. 7(b)]. This Tcomp shifted fromT, to O K with increasing  (Nig ;Mg ¢)1 4Cr"' (CN)g] based on the three-sublattice molecular
X. On the other handyly, for 0.33<x<3/7 exhibited nega- field theory. (b) Schematic diagram illustrating positiveM(;
tive magnetization withT .o, [Fig. 8b)]. Forx=3/7, Teom,  +Mc,: M) and negative magnetizationg, :LJ) vs the direction
was 0 K, and this value corresponds to that predicted by Ecpf the external magnetic field &> T omp and T<Tcomp, respec-
(1) in which the saturation magnetization disappeared. Fofively.
x>0.45, the curve exhibited a single maximum. Far 1,
the curve exhibited a monotonic increase due to the fact thderro-ferrimagnetism without spin-glass behavior. One of the
only Jyicr appears. The calculated curves fdfl,,,| and ~ Main reasons for the success of this model is that the fcc

M oy qualitatively reproduced the experimental ones at 1008tructure of the Prussian blue analogs is maintained even

and 10 G, as shown in Figs. 7 and 8, respectively. when metal ion substitution is carried out. Another reason is
These various types of temperature dependence of tH8at the superexchange interactions between second-nearest-

magnetization arise because the negative magnetization dfigighbor sites can be neglected and hence spin frustration

to the Mrl' sublattice and the positive magnetizations due tod0es not occur.

the Ni' and CI' sublattices have different temperature de-

0 10 20 30 40 5 &

Mni + Mcr

M

o

Tcomp

pendencefFig. 9a)]. For example, fox=0.38, the relations VI. CONCLUSIONS
of the magnitude among each sublattice magnetizations were
as follows: M|+ |Mc|>[My,| at T>Tom, and [My In this work, we prepared molecule-based magnets incor-

+Me| <My at T<Tgomp, respectively[Fig. Ab)]. The  porating both a ferromagnetiddt0) and ferrimagnetic
close correspondence between the calculated and observed)) character in a series of Prussian blue analogs,
curves shows that the magnetic properties of thgNilMr]_ ), JCM"(CN)s]. The saturation magnetization
(Ni'mr!l_ ), JCM"(CN)g] - zH,0 series can be predicted us- continuously changed over a wide range as a function of the
ing a molecular-field model that considered only superexNi/Mn ratio. At x~3/7, the saturation magnetization disap-
change interactions between the nearest neighbotsCNl pears, although there is magnetic ordering, and the materials
and Mf'-Cr'"). We have succeeded in demonstrating mixedshow a drastic increase in coercivity. The Weiss tempera-
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tures increased monotonically from negative values to posiexample, control of the magnetic properties via external
tive values with increasing, indicating that the predominant stimuli, can be incorporated through proper design of the
interaction mode was shifting from antiferromagnetic to fer-electronic properties. We reported example3 p€ontrol via
romagnetic. In the magnetization vs temperature curves belectrochemicéland optical stimulf®~*2using Prussian blue
low T., all of the various types of temperature dependencenalogs. Moreover, as an example of such an application

curves predicted by Mg, i.e., typesR, N, P, andQ, ap- of the mixed ferro-ferrimagnetism presented in this
peared by varying the stoichiometric factorfrom 0 to 1. study, we have recently succeeded in demonstrating
Interestingly, the compounds in whichwas in the range a photoinduced magnetic pole inversion using

0.38<x=<0.42 exhibited negative values of magnetization(Fe,4dMnge014Cr'"(CN)g].?* We expect that compounds

below T¢omp in a field of 10 G. Our theoretical treatment in the mixed ferro-ferrimagnet series may also exhibit other
showed that the various types of behavior for the mixedypes of interesting behavior in addition to magnetic behav-
ferro-ferrimagnets can be represented by molecular-fieldor, for example, anomalous conductivity and optomagnetic

theory considering only superexchange interactions betweegffects.
nearest-neighbor metal ions. We have succeeded in demon-

strating the existence of a novel series of mixed ferro-

ferrimagnets without spin-glass behavior.
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