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Design and preparation of a bulk magnet exhibiting an inverted hysteresis loop
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We report on a magnet exhibiting anverted magnetic hysteresis lqope., 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 san{étiugrdoliniunilll) hexacyano-
chromatélll ).
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Magnetic materials play an important role in modern tech-hysteresis loop& and hence, one has considered that these
nology, and various magnets having novel properties are bgghenomena are limited tinin-film-type of magnetic materi-
ing developed. However, the rational design of new magnetals. In the present study, however, we try to obtaibutk
is, in general, difficult with conventional metal alloys and magnet showing such a@nverted magnetic hysteresis laop
metal oxide magnets. One of the reasons is that, in metal The key to designing this unusual magnet is to utilize a
alloys and metal oxides, the substitutions of metals oftercompeting effect between a spin-flip transition and a uniaxial
induce structural distortion. In addition, magnetic momentsmagnetic anisotropy. Here, let us consider the following
interact not only between the nearest neighbors but alsmagnet composed of three metal ioAd,, A2, andB, where
among second and further nearest neighbors through exkeA (eitherAl or A2) andB ions are alternately connected
change or superexchange pathways. Therefore, even thoughd the magnetic couplings between theand B ions are
theoretical explanations for the magnetic properties of existantiferromagnetic as shown in Figial (their sublattice mag-
ing magnets are possible, theoretical designs of novel magietizations are denoted dd,;, Ma,, and Mg, respec-
nets have not been very successful. In contrast, it is believetively). There is a possibility to observe the inverted hyster-
that molecule-based magnkts have advantages for the esis loop in this ferrimagnet if the following conditions are
design of magnetic properties. Particularly, the rationalsatisfied, i.e.(1) |[Ma;+Mp,| is close to|Mg|, (2) M 4| is
design of magnets based on the molecular field theoryarger than|Mj,|, and (3) only the A2 ion has a large
is effective for the class of cyanide-bridged multimetal uniaxial magnetic anisotropyK(,). In the initial magnetiza-
complexesA1A2[B(CN)g]-zH,0 (A1, A2, andB are metal tion process of this ferrimagnet, the field-induced spin-flip
ions having unpaired electrog ® based on the following transition is caused by a relatively weak external fiétt)
reasons:(1) metal substitutions induce only small lattice due to its small spontaneous magnetizatidhf,=|M a1
constant changes, an@) superexchange interactions are +M,,|—|Mg|), whereMg may rotate toward the positive
essentially effective only between the nearest-neighbogirection of (+ H) and M ,, toward the opposite direction
metal ions!~® For example, we have recently succeeded in(—H) due to the antiferromagnetic interaction betwéég
designing and preparing a type of magnet exhibiting twoandM 4, [Fig. 1(b)]. Conversely, in the decreasing part of the
compensation temperatures  with the system ohysteresis loopM,; could rotate toward the-H direction
(NiaMnjFel); dCM(CN)g]-7.5H,0 (a+b+c=1), ie., before the rotation oMz andM », because of the large,
the spontaneous magnetization changes its sign twice withf the A2 metal ion and the magnetic coupling betweég
changing temperatufeMoreover, it is relatively easy to add andM 4, [Fig. 1(c)]. As a result, the remanent magnetization
novel functionalities to molecule-based magnets, becausgould become a negative value.
magnets can be fabricated by the selection of proper transi-
tion metal ions and coordinating ligands. In fact, various
functionalized magnets showing photoinduced @ M,
magnetizatiort’ photoinduced magnetic pole inversibn,
etc., have been reported. T Mz '

The objective of the present study is to design a magnex= |:>
exhibiting an anomalous magnetic hysteresis loop. Usually H
magnets possess positive values of a remanent magnetizati M,
and a coercive field. Recently, however, a negative remane!
magnetization was observed in specific exchange-coupleu
multilayers such as Co/Pt/Gd/Pt and in epitaxial Fe films on  F|G. 1. Schematic illustration of the mechanism of the inverted
W(001).2" " These hysteresis loops are called inverted maghysteresis loop for a bulk magnedl ,;, M »,, and Mg represent
netic hysteresis loops. In these materials, their thin filmthe sublattice magnetizations of tiel, A2, andB ions, respec-
forms play an important role in the origin of the unusualtively.
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FIG. 2. Schematic  structure of  orthorhombic §
S Gd" [ Cr"(CN)g]- 4H,0 by analogy with the crystal structure g
of Sm"[Fe'"(CN)g]- 4H,0 2°. The large and small polyhedrons de- g
scribe [Sm" (or Gd")NgO,] and [Cr'"'Cq], respectively. Zeolitic

water molecules in the unit cell are omitted for clarity. The easy
axis of the uniaxial magnetic anisotroplf () is along thec axis of
the crystal.

Let us consider a system to meet the requirements metp
tioned above. The spin-flip transition can be controlled by
the magnetization value and the magnitude of the molecule
field coefficients. As for the large magnetic anisotropy, rare-
earth metal ions are good candidates due to their orbital ar
gular momentdl). From these points of view, we will con-
sider cyanide-bridged rare-earth metal compounds
sm'Gcd" [Cr"(CN)g]-4H,0 (Snl", L=5, S=5/2, J
=L-S=5/2, Gd", J=S=7/2, C!", J=5=23/2), to exem-
plify our idea(Fig. 2).

We theoretically calculated the magnetic hysteresis loop
of this system by considering both the molecular fiehe X
and the uniaxial magnetic anisotropyK (). For the
sm'Gd" [Cr'"(CN)g]- 4H,0 system, only the two types of
superexchange couplings between the nearest-neighbor sf
sources, Sm-Cr and Gd-Cr, are present and thé' Som
dominates the uniaxial magnetic anisotropy. The total energ
of such a system at zero temperature is then expressed as®

Magnetization (pg)

E=—MgH cosfs,,— MggH cosfgg— M H coséc,
—NgmeM smM ¢ €O Os— Ocr) —NeacM caM cr
X €0 g Ocy) + XKy SIPP( O 6,). (1)

The first three terms represent the magnetostatic energies
the sublattice magnetizations, whefg,,, 6c4, and éc, are

the angles of the directiond g,,, Mgq, andM, from theH 7
direction, respectively. The next two terms are the molecula - : "I : :

Magnetization ()

fields between the nearest-neighbor sites, wheyg:, and -20 -10 0 10 20
Ngqcr are the molecular field coefficients of Sm-Cr and Gd- H(T)

Cr, respectively. The last term describes the uniaxial mag-

netic anisotropy due to the Sion with Ky. From the FIG. 3. (@) The numerical calculation of magnetic hysteresis

observedry values forx=0 and 1, thaggcr andnsmc, were loops for Sf's,Gdy',J Cr'" (CN)g]- 4H,0 at 6, values of 0°, 45°,
estimated to b_e— 32 a”‘i" 30'4.’ resp(_ectwely. In addition, 60°, and 90°. The solid and dotted lines describe the decreasing and
the K, value in the Srh -subsUtgted.lron garnet Was re- increasing parts of the magnetic hysteresis loops, respectily.
ported to be 1.3 10.6 JiPat4.2K: Using these values, the The magnetization configuration of the sublattice magnetizations
numerlcal calculation of the magnetic hysteresis loop wasg, 6,=30° as a function oH. The arrows in the circles af)—(v)
carried out. show the directions of the sublattice magnetizatiovg;y (black

The calculated results showed that the inverted hysteresigrow), M, (white arrow, andMc, (shadow arrow respectively,
loops are obtained for the compounds withround 0.5. As  from the H direction. (c) The calculated magnetic hysteresis loop
the best example of the calculations, we show the calculatefdr the powder sample for Yfg,Gd; . Cr'"' (CN)s]- 4H,0, consid-
results forx=0.52. Figure 8) shows the hysteresis loops at ering the distribution of crystalline orientation.
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FIG. 4. (a) Magnetization processes with in-
creasing H for the compounds

b

sm!'Gd]" ,[Cr'"(CN)g]-4H,0; x=0 (A), 0.36
(0), 0.52(0), and 1(V), at 2 K. (b) The mag-
netic hysteresis loops for=0.52 in the applied

— magnetic field betweer7 and—7 T at 2 K. The

2 solid and dotted lines describe the decreasing and

”g increasing parts of the magnetic hysteresis loops,

o respectively. (c) Enlarged plots of the dotted

2 square in the magnetic hysteresis loop(lt
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various angles ¢,) of the magnetic easy axis from t¢  shown in Fig. ). The powder pattern calculation also

direction, showing the inverted hysteresis loop in the wideShows thenverted hysteresis loop

range of 0% 6,<70°. In Fig. 3b) are shown the configu- On the basis of the above calculations, we have prepared
rations of the sublattice magnetizations fay=30° for dif-  the powder samples of Sh&d",[Cr'" (CN)]-4H,O by
ferent H values together with its hysteresis loop. Initially, the procedures described in Ref. 20. The X-ray powder
M g, andM g4 are positive magnetizations aMl, is a nega-  diffraction (XRD) patterns showed that the prepared materi-
tive one at lowH becausgM g+ Mg4 Of nitrogen ends is als have an orthorhombic structu@mcm as shown in Fig.
larger than/M | of carbon ends for this compositidi) in 2. Their lattice constants continuously changed as a function
Fig. 3(b)]. However, when the spin-flip transition takes placeof x; a=7.541, b=13.096, andc=14.046 Ak=0) to a

at highH, Mgq and M, are oriented parallel to the-H =7.596, b=13.110, andc=14.099Ax=1). The CN
direction andM g, is oriented to the&K ,(—) direction[(ii) in  stretching frequencies in the IR spectra also continuously
Fig. 3(b)]. With decreasind, i.e., in the decreasing part of changed depending oxi 2163 and 2155 cm (x=0) to

the hysteresis looplM g4 rotates toward the-H direction 2160 and 2152 cmt (x=1). These successive shifts of the
[(iii), (iv) in Fig. 3(b)]. WhenH becomes close to zerbls,, XRD and IR peaks indicate that the $nand Gd' ions are
andM g4 are then oriented to thé,(—) direction andM,is  randomly coordinated to the nitrogen ends of the cyano
oriented to theK,(+) direction[(v) in Fig. 3b)]. The signs groups. By analogy with the crystal structure of
of these sublattice magnetizationd{,<OMg<OMs,  SM"[FE"(CN)g]-4H,0,% it is suggested that the $and
>0) in (v) are opposite to those of the initial sublattice mag-Gd" ions are bound to six cyanonitrogen atoms and two
netizations W g=>0,Mgs>0,M,<0) in (i). As a result, the water molecules in a square antiprism geomeby,), and
directions of the resulting sublattice magnetizations are opthe Ct" ion is octahedrally bound to the cyanocarb@,).
posite to those of the initial sublattice magnetizations. These Magnetization measurements for the prepared
calculations in Figs. @) and 3b) correspond to the hyster- Sm!'Gd" ,[Cr'"(CN)g]- 4H,0 powders were carried out us-
esis loops for a single-crystalline sample with differenting a superconducting quantum interference device magne-
angles of the magnetic easy axis from tHedirection. For  tometer. Polycrystalline samplés-20 mg were loaded into
the samples in powder form, we have to consider the anisaggelatin capsules. The magnetization versus temperature
tropic distribution of the crystalline orientation. The result is curves showed that elemental 'cCr'" (CN)g]- 4H,0(x
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zation became positive in the increasing part when the
applied field was still negative. The inverted magnetic hys-
teresis loops were thus observed in these compositions. Fig-
ures 4b) and 4c) show the inverted magnetic hysteresis
loop for x=0.52 at 2 K. The remanent magnetization and
coercive field werenegativevalues of —260 Gcnimol™?

and —800 G, respectively. This experimental hysteresis loop
qualitatively corresponds to the calculated hysteresis loop,
indicating that the observation of the inverted hysteresis loop
increased from zero to 2u} with increasingk. These results  can be reasonably explained by the competition between the
can be explained by a similar mechanism forsublattice magnetization rotation due to the spin-flip transi-
(NixMny_,); £ Cr'"(CN)g]- 7.5H,0,* i.e., theM; values are  tion and the trapping effect due to the uniaxial magnetic
determined by the sum of the sublattice magnetizations o&nisotropy, based on our scenario.

Gd"(Mgg and SM'(Mg,) and antiparallel sublattice mag-  We have thus succeeded in obtaining a novel magnet hav-
netization of C!'(M,). The magnetization versus$ curves  ing inverted magnetic hysteresis loops by controlling the
showed the upturn changes in the magnetization, e.g., 6.0 Various magnetic parameters such as the magnetization val-
(x=0.27), 54 T &=0.36), 3.8 T §k=0.44), and 0 T X ues, molecular fields, and the uniaxial magnetic anisotropy. It
=0.52), as shown in Fig.(4). Particularly, for the materials should be emphasized that the present mechanism is essen-
aroundx=0.52, the upturn changes took placet+0. The tially different from the mechanisms of the inverted hyster-
observed upturn changes in the magnetization are caused bgis loops in specific exchange-coupled multilayer films or
the spin-flip transition due to the small magnetization valueepitaxial Fe films. The existence of such a bulk magnet al-
The magnetic hysteresis loops were measured in the regidows us to postulate many ideas, e.g., how does the magnetic
of —7<H=<7T at 2 K. The compounds with€fx<0.50 domain pattern change depending on the external magnetic
and 0.53x=<1 showed the normal magnetic hysteresisfield? Moreover, our strategy could be applied to high-
loops. In the hysteresis loops fer=0.51 and 0.52, however, magnets composed of metal alloys and metal oxides. The
the magnetization became negative in the decreasing patfieoretical and experimental studies along this line are now
when the applied field was still positive, while the magneti-under way.

=0) and SM'[Cr"'(CN)g]-4H,0(x=1) were ferrimagnets
with Neel temperature Ty) values of 10.2 and 10.5 K, re-
spectively, which are consistent with the literature vaffes.
The Ty values for the compounds with the intermediate
were maintained between these tWg values. TheMg
values systematically changed depending >onFor the
compounds withx between zero and 0.53, thd values
linearly decreased from 3ug to zero with increasing. In
contrast, in the range of 0.5%=1, the Mg values linearly

17M. C. dos Santos, J. Geshev, J. E. Schmidt, S. R. Teixeira, and L.
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the magnetic anisotropy acting on only the side lagiRefs.
12-15. Conversely, those in the heteroepitaxial Fe films on
W(001) or Si(111) originate from the competition between the
cubic and uniaxial magnetic anisotropy in the isolated Fe micro-
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