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Design and preparation of a bulk magnet exhibiting an inverted hysteresis loop
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~Received 13 March 2001; published 29 August 2001!

We report on a magnet exhibiting aninverted magnetic hysteresis loop, i.e., the magnetization becomes
negative in the decreasing part even when the applied field is still positive, while the magnetization becomes
positive in the increasing part when the applied field is still negative. The key to obtaining this unusual magnet
is to utilize a competing effect between the spin-flip transition and the uniaxial magnetic anisotropy. On the
basis of the model calculations considering this effect, we have succeeded in synthesizing a bulk magnet
showing the inverted magnetic hysteresis loop with the system of samarium~III ! gadolinium~III ! hexacyano-
chromate~III !.
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Magnetic materials play an important role in modern te
nology, and various magnets having novel properties are
ing developed. However, the rational design of new magn
is, in general, difficult with conventional metal alloys an
metal oxide magnets. One of the reasons is that, in m
alloys and metal oxides, the substitutions of metals of
induce structural distortion. In addition, magnetic mome
interact not only between the nearest neighbors but
among second and further nearest neighbors through
change or superexchange pathways. Therefore, even th
theoretical explanations for the magnetic properties of ex
ing magnets are possible, theoretical designs of novel m
nets have not been very successful. In contrast, it is belie
that molecule-based magnets1–3 have advantages for th
design of magnetic properties. Particularly, the ratio
design of magnets based on the molecular field the
is effective for the class of cyanide-bridged multime
complexes,A1A2@B~CN!6#•zH2O ~A1, A2, andB are metal
ions having unpaired electrons!,4–6 based on the following
reasons:~1! metal substitutions induce only small lattic
constant changes, and~2! superexchange interactions a
essentially effective only between the nearest-neigh
metal ions.4–9 For example, we have recently succeeded
designing and preparing a type of magnet exhibiting t
compensation temperatures with the system
(Nia

IIMnb
IIFec

II)1.5@CrIII (CN)6#•7.5H2O (a1b1c51), i.e.,
the spontaneous magnetization changes its sign twice
changing temperature.6 Moreover, it is relatively easy to ad
novel functionalities to molecule-based magnets, beca
magnets can be fabricated by the selection of proper tra
tion metal ions and coordinating ligands. In fact, vario
functionalized magnets showing photoinduc
magnetization,10 photoinduced magnetic pole inversion,11

etc., have been reported.
The objective of the present study is to design a mag

exhibiting an anomalous magnetic hysteresis loop. Usua
magnets possess positive values of a remanent magnetiz
and a coercive field. Recently, however, a negative rema
magnetization was observed in specific exchange-cou
multilayers such as Co/Pt/Gd/Pt and in epitaxial Fe films
W~001!.12–17These hysteresis loops are called inverted m
netic hysteresis loops. In these materials, their thin fi
forms play an important role in the origin of the unusu
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hysteresis loops,18 and hence, one has considered that th
phenomena are limited tothin-film-type of magnetic materi-
als. In the present study, however, we try to obtain abulk
magnet showing such aninverted magnetic hysteresis loop.

The key to designing this unusual magnet is to utilize
competing effect between a spin-flip transition and a uniax
magnetic anisotropy. Here, let us consider the followi
magnet composed of three metal ions,A1, A2, andB, where
theA ~eitherA1 or A2! andB ions are alternately connecte
and the magnetic couplings between theA and B ions are
antiferromagnetic as shown in Fig. 1~a! ~their sublattice mag-
netizations are denoted asMA1 , MA2 , and MB , respec-
tively!. There is a possibility to observe the inverted hyst
esis loop in this ferrimagnet if the following conditions a
satisfied, i.e.,~1! uMA11MA2u is close touMBu, ~2! uMA1u is
larger than uMA2u, and ~3! only the A2 ion has a large
uniaxial magnetic anisotropy (Ku). In the initial magnetiza-
tion process of this ferrimagnet, the field-induced spin-fl
transition is caused by a relatively weak external field~H!
due to its small spontaneous magnetization (M total5uMA1
1MA2u2uMBu), whereMB may rotate toward the positive
direction of (1H) and MA2 toward the opposite direction
(2H) due to the antiferromagnetic interaction betweenMB
andMA2 @Fig. 1~b!#. Conversely, in the decreasing part of th
hysteresis loop,MA1 could rotate toward the2H direction
before the rotation ofMB andMA2 because of the largeKu
of the A2 metal ion and the magnetic coupling betweenMB
andMA2 @Fig. 1~c!#. As a result, the remanent magnetizati
could become a negative value.

FIG. 1. Schematic illustration of the mechanism of the inver
hysteresis loop for a bulk magnet.MA1 , MA2 , and MB represent
the sublattice magnetizations of theA1, A2, andB ions, respec-
tively.
©2001 The American Physical Society04-1
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Let us consider a system to meet the requirements m
tioned above. The spin-flip transition can be controlled
the magnetization value and the magnitude of the molec
field coefficients. As for the large magnetic anisotropy, ra
earth metal ions are good candidates due to their orbital
gular momenta~L!. From these points of view, we will con
sider cyanide-bridged rare-earth metal compoun
Smx

IIIGd12x
III @CrIII ~CN!6#•4H2O ~SmIII , L55, S55/2, J

5L-S55/2, GdIII , J5S57/2, CrIII , J5S53/2!, to exem-
plify our idea ~Fig. 2!.

We theoretically calculated the magnetic hysteresis lo
of this system by considering both the molecular field (ni j )
and the uniaxial magnetic anisotropy (Ku). For the
Smx

IIIGd12x
III @CrIII ~CN!6#•4H2O system, only the two types o

superexchange couplings between the nearest-neighbor
sources, Sm-Cr and Gd-Cr, are present and the SmIII ion
dominates the uniaxial magnetic anisotropy. The total ene
of such a system at zero temperature is then expressed

E52MSmH cosuSm2MGdH cosuGd2MCrH cosuCr

2nSmCrMSmMCr cos~uSm2uCr!2nGdCrMGdMCr

3cos~uGd2uCr!1xKu sin2~uSm2up!. ~1!

The first three terms represent the magnetostatic energie
the sublattice magnetizations, whereuSm, uGd, anduCr are
the angles of the directionsMSm, MGd, andMCr from theH
direction, respectively. The next two terms are the molecu
fields between the nearest-neighbor sites, wherenSmCr and
nGdCr are the molecular field coefficients of Sm-Cr and G
Cr, respectively. The last term describes the uniaxial m
netic anisotropy due to the Sm31 ion with Ku . From the
observedTN values forx50 and 1, thenGdCr andnSmCrwere
estimated to be2 3.2 and2 30.4, respectively. In addition
the Ku value in the Sm31-substituted iron garnet was re
ported to be 1.33106 J/m3 at 4.2 K.19 Using these values, th
numerical calculation of the magnetic hysteresis loop w
carried out.

The calculated results showed that the inverted hyster
loops are obtained for the compounds withx around 0.5. As
the best example of the calculations, we show the calcula
results forx50.52. Figure 3~a! shows the hysteresis loops

FIG. 2. Schematic structure of orthorhomb
Smx

IIIGd12x
III @CrIII ~CN!6#•4H2O by analogy with the crystal structur

of SmIII @FeIII ~CN!6#•4H2O
20. The large and small polyhedrons d

scribe @SmIII ~or GdIII !N6O2] and @CrIIIC6#, respectively. Zeolitic
water molecules in the unit cell are omitted for clarity. The ea
axis of the uniaxial magnetic anisotropy (Ku) is along thec axis of
the crystal.
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FIG. 3. ~a! The numerical calculation of magnetic hysteres
loops for Sm0.52

III Gd0.48
III @CrIII ~CN!6#•4H2O at up values of 0°, 45°,

60°, and 90°. The solid and dotted lines describe the decreasing
increasing parts of the magnetic hysteresis loops, respectively~b!
The magnetization configuration of the sublattice magnetizati
for up530° as a function ofH. The arrows in the circles of~i!–~v!
show the directions of the sublattice magnetizations,MGd ~black
arrow!, MSm ~white arrow!, andMCr ~shadow arrow!, respectively,
from the H direction. ~c! The calculated magnetic hysteresis loo
for the powder sample for Sm0.52

III Gd0.48
III @CrIII ~CN!6#•4H2O, consid-

ering the distribution of crystalline orientation.
4-2



-

nd
ps,

BRIEF REPORTS PHYSICAL REVIEW B 64 132404
FIG. 4. ~a! Magnetization processes with in
creasing H for the compounds
Smx

IIIGd12x
III @CrIII ~CN!6#•4H2O; x50 ~n!, 0.36

~h!, 0.52 ~s!, and 1~,!, at 2 K. ~b! The mag-
netic hysteresis loops forx50.52 in the applied
magnetic field between17 and27 T at 2 K. The
solid and dotted lines describe the decreasing a
increasing parts of the magnetic hysteresis loo
respectively. ~c! Enlarged plots of the dotted
square in the magnetic hysteresis loop of~b!.
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various angles (up) of the magnetic easy axis from theH
direction, showing the inverted hysteresis loop in the w
range of 0°<up<70°. In Fig. 3~b! are shown the configu
rations of the sublattice magnetizations forup530° for dif-
ferent H values together with its hysteresis loop. Initiall
MSm andMGd are positive magnetizations andMCr is a nega-
tive one at lowH becauseuMSm1MGdu of nitrogen ends is
larger thanuMCru of carbon ends for this composition@~i! in
Fig. 3~b!#. However, when the spin-flip transition takes pla
at high H, MGd and MCr are oriented parallel to the1H
direction andMSm is oriented to theKu(2) direction@~ii ! in
Fig. 3~b!#. With decreasingH, i.e., in the decreasing part o
the hysteresis loop,MGd rotates toward the2H direction
@~iii !, ~iv! in Fig. 3~b!#. WhenH becomes close to zero,MSm
andMGd are then oriented to theKu(2) direction andMCr is
oriented to theKu(1) direction@~v! in Fig. 3~b!#. The signs
of these sublattice magnetizations (MSm,0,MGd,0,MCr
.0) in ~v! are opposite to those of the initial sublattice ma
netizations (MSm.0,MGd.0,MCr,0) in ~i!. As a result, the
directions of the resulting sublattice magnetizations are
posite to those of the initial sublattice magnetizations. Th
calculations in Figs. 3~a! and 3~b! correspond to the hyster
esis loops for a single-crystalline sample with differe
angles of the magnetic easy axis from theH direction. For
the samples in powder form, we have to consider the an
tropic distribution of the crystalline orientation. The result
13240
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shown in Fig. 3~c!. The powder pattern calculation als
shows theinverted hysteresis loop.

On the basis of the above calculations, we have prepa
the powder samples of Smx

IIIGd12x
III @CrIII ~CN!6#•4H2O by

the procedures described in Ref. 20. The X-ray pow
diffraction ~XRD! patterns showed that the prepared mate
als have an orthorhombic structure~Cmcm! as shown in Fig.
2. Their lattice constants continuously changed as a func
of x; a57.541, b513.096, andc514.046 Å(x50) to a
57.596, b513.110, and c514.099 Å(x51). The CN
stretching frequencies in the IR spectra also continuou
changed depending onx; 2163 and 2155 cm21 (x50) to
2160 and 2152 cm21 (x51). These successive shifts of th
XRD and IR peaks indicate that the SmIII and GdIII ions are
randomly coordinated to the nitrogen ends of the cya
groups. By analogy with the crystal structure
SmIII @FeIII ~CN!6#•4H2O,21 it is suggested that the SmIII and
GdIII ions are bound to six cyanonitrogen atoms and t
water molecules in a square antiprism geometry (D4d), and
the CrIII ion is octahedrally bound to the cyanocarbon (Oh).

Magnetization measurements for the prepa
Smx

IIIGd12x
III @CrIII ~CN!6#•4H2O powders were carried out us

ing a superconducting quantum interference device mag
tometer. Polycrystalline samples~;20 mg! were loaded into
gelatin capsules. The magnetization versus tempera
curves showed that elemental GdIII @CrIII ~CN!6#•4H2O(x
4-3
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BRIEF REPORTS PHYSICAL REVIEW B 64 132404
50) and SmIII @CrIII ~CN!6#•4H2O(x51) were ferrimagnets
with Néel temperature (TN) values of 10.2 and 10.5 K, re
spectively, which are consistent with the literature value22

The TN values for the compounds with the intermediatex
were maintained between these twoTN values. TheMs
values systematically changed depending onx. For the
compounds withx between zero and 0.53, theMs values
linearly decreased from 3.9mB to zero with increasingx. In
contrast, in the range of 0.53,x<1, theMs values linearly
increased from zero to 2.0mB with increasingx. These results
can be explained by a similar mechanism
(Nix

IIMn12x
II )1.5@CrIII ~CN!6#•7.5H2O,4 i.e., theMs values are

determined by the sum of the sublattice magnetizations
GdIII (MGd) and SmIII (MSm) and antiparallel sublattice mag
netization of CrIII (MCr). The magnetization versusH curves
showed the upturn changes in the magnetization, e.g., 6
(x50.27), 5.4 T (x50.36), 3.8 T (x50.44), and 0 T (x
50.52), as shown in Fig. 4~a!. Particularly, for the materials
aroundx50.52, the upturn changes took place atH'0. The
observed upturn changes in the magnetization are cause
the spin-flip transition due to the small magnetization val
The magnetic hysteresis loops were measured in the re
of 27<H<7 T at 2 K. The compounds with 0<x<0.50
and 0.53<x<1 showed the normal magnetic hystere
loops. In the hysteresis loops forx50.51 and 0.52, howeve
the magnetization became negative in the decreasing
when the applied field was still positive, while the magne
r. A

ev

ev

,

. S

tt.
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zation became positive in the increasing part when
applied field was still negative. The inverted magnetic hy
teresis loops were thus observed in these compositions.
ures 4~b! and 4~c! show the inverted magnetic hysteres
loop for x50.52 at 2 K. The remanent magnetization a
coercive field werenegativevalues of2260 G cm3 mol21

and2800 G, respectively. This experimental hysteresis lo
qualitatively corresponds to the calculated hysteresis lo
indicating that the observation of the inverted hysteresis lo
can be reasonably explained by the competition between
sublattice magnetization rotation due to the spin-flip tran
tion and the trapping effect due to the uniaxial magne
anisotropy, based on our scenario.

We have thus succeeded in obtaining a novel magnet h
ing inverted magnetic hysteresis loops by controlling t
various magnetic parameters such as the magnetization
ues, molecular fields, and the uniaxial magnetic anisotrop
should be emphasized that the present mechanism is es
tially different from the mechanisms of the inverted hyste
esis loops in specific exchange-coupled multilayer films
epitaxial Fe films. The existence of such a bulk magnet
lows us to postulate many ideas, e.g., how does the magn
domain pattern change depending on the external magn
field? Moreover, our strategy could be applied to high-Tc
magnets composed of metal alloys and metal oxides.
theoretical and experimental studies along this line are n
under way.
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