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Design of Mixed Ferro—Ferrimagnets and Photo-Induced Magnetic Pole Inversion
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We recently succeeded in controlling the saturation
magnetization (/s), Weiss temperature (6), and coercive
field (H.), using a series of (Ni'Mn_,),sCr"™(CN)s com-
pounds according to a strategy of tuning both ferro-
magnetic (/> 0) and antiferromagnetic (J<0) exchange
interactions with the mixing ratio x. In addition, we
observed various types of temperature dependences of
magnetization in these compounds. Moreover, we
designed a magnet exhibiting inversion of magnetic
poles (“N” and “S”) by means of photo-stimuli. The
magnetization of Fel'sCr"(CN)s-7.5H.0 was changed in
photon mode by visible light. A ferro—ferrimagnet
(F6040
netic (Fe—Cr system showing a change of magnetiza-
tion in response to optical stimuli) site and ferrimag-
netic Mn—Cr system showing no optical response) site
showed negative magnetization at temperatures lower
than the compensation temperature. In this mixed
metal cyanide magnet, we succeeded in demonstrating
a novel type of magnetic behavior, “photo-induced
magnetic pole inversion”.

Key words: mixed ferro—ferrimagnet, compensation
temperature, photo-induced magnetic pole inversion,
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HEFMASN TV AHARESECSBBILY T & o
ML T H B8, JIE, BT VIV eBREKE
N = Z I AW FREEHARD S DR ATEFRICIE > TE T
W5, SFEMEAE, R UBOEEEREER LTX v
VIEB I UM FAERFTT 2 LB TE 0, BRI
VSRS VA W A AR EK?%%%
A S - MBI A2 5ET 5 C & TE 2 AMEE AT
TW3EEZEZ 6N D, —HICHEEMIRE, 7 = ok
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AR T v TR ER WS, v Ty
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BE (T) 2RT I ENORIAERHERD TV R, F1,
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nle0)15Cr™(CN)s- 7.56H.0 mixed by a ferromag-

LTBY, £BOBUHICIY 7 aBlEEZRLED 7 =
VRIEAER L2 D T 5.

PEROT NV T v T FENUER, 2 BHEOSBE,HLERE
LEcdDTH -, Baid, 2BREIOET R E v NET
1275 B AR ELAER (J>0) & RSEATIC S 5 ROEREER
MELER (J<0) #lAEbE LTS BREERLHET L
to (7 = v-7 = )IRES TR 10,

f7, BERADOHEIS NV —TTRINVYT v T A—5]
LUED—>TH % KozCoi4[Fe(CN)s] TT, HHHICLD
RS RIET 2 EARVWELTVWAY, Zhid, Enz
S SI F=F LA v b Yag-A—%v b (YIG) R
THE Ui, Ric X DB REA Z 0 TR DS IN 4
5EVWH B CGEFERL L3RS, CoFe! 5
Co'Fe" ~DNFEBEFBRHRICCERT 2b0TH
52 DXL VLB EINTE2RE T = o~
7 = VIREHMEERICHAAL T ik, SRiTk b oaRgk
HROWREE Rz S ¥ 5 CEHEMEBRER) & 2R A 710,
FRTRINS DA OHEEENT S

2. 7z 0-7 1 URESFRED O

9, 72o-7 = VEASTHEEL T3, 7
7 v IR EBERNIBEE TVWA VWA RMAS
HLEDERETH Y, OB REEL HOIHETH S
fod, £ OMKHIMEEEZE LTV, FlAIE, CsNi®
[Cr'"™(CN)s]- 2H 0" DIFEE, Cr" (S=3/2) D ty, BB &
Ni' (S=1) D ¢ FUEMNER LTS T &IT & b iRRkN
MEMEAPML 7 = vl %2R9. —7F, Cs'Mn'[Cr"
(CN)s]-H:0™ DIBFEIZIE, Cr D 4 DEEE Mn' (S=
5/2) @ t; B DEE Y i< & b RS EER 2558 <
07 = ) ERT.

Fx iz, @EMOBBEE/ERSIEOMEEREBD
MHEERZHA GO HHREY (72 0-7 = VIEAH
M) D WTHRE AT » 72 (Fig. 1). #1Z13, NisCr(CN)s
& MnsCr(CN)s DIE& %% Z 5. NisCr(CN)s+7.5H.0
&£ U MnsCr(CN)s-8H,0'® 3EY7- 0 R4 6 up, 4.5 us
ORISR T — #» v IR S, ThSERET 25
&, BT LICHRERES L CESOBRBLIZZD
REHIIEUT 4.5us & 6.0 us ORIEREHICE(NT B

1127

NI | -El ectronic Library Service



The Magnetics Society of Japan

-
“!‘7

4/,
s o

0
77
A

Al

Fig. 1 Schematic diagram illustrating mixed
ferro—ferrimagnetism with both ferromagnetic (/s
>0) and antiferromagnetic (J/4p<0) interactions.
Cr'"™ and either Ni" or Mn", which are randomly
incorporated in the lattice, are linked in an alter-
nating fashion.

K TH5 (Fig.3). LHL, BRER TN, Mn", LU
Cr" #/B&3 5 LHEFENC L FEENS. Fig 1 1TR
T L5, TO#ETIR Cr BuT YT 2 EO C Al
BT 510, Cr" 3EEA 4 v & L TR—E X1
LT, —oBEFO Cr offic Cr"icw LT />0 o Nit
EJ<O0D M BAY, HBESHTIIAEEES &7
AEVERPITRAEYHTEIELAS DT BT &M
FRsn 5. TR AR ) &, Cr'(S=3/2) i
LT NINS=1) #1F, Mn"(S=5/2) 28It L >/ (1)K
TETIENTES., ITlRg=2 LTS, O
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Fig. 2 Calculated and experimentally observed
saturation magnetizations as a function of x. Atom-
ic-level mixture ((NiZIMni-,):s[Cr"™(CN)s]-2H20):
theory (—), observed (@). Macroscopic physical
mixture Nils[Cr'™(CN)s]+ (1 —x)Mnls[Cr™(CN)]):
calculated (-); observed (V).
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ZEV, MRS TE— 2 v % Ni' & Mn" OBSHIC
LT7ay bg3E, $BLEIATYRICK A NEES
22X IR ET B EHEFEN B (Fig. 2).
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g-+15(—fgw1~m>| (1)

(Ni¥Mnl_ )15 Cr'™ (CN)s « zH:O (z=7~8) i3, NiCl; &
MnCl, DIE&KiAWK% KsCr(CN)s KISHKICH T4 5 2 &
K&K TES. ChoofRoZTROEENREH
AAICHLTTey b3 B E, Nit & Mo A&
IR U CHEECEL, 20D Cr, C, H, N i2idi3
—TETH -1z, T, BIR X R S5 NisCr(CN)e+ 7.5
H:0 % & U Mn,sCr(CN)s- 7.5H,0 D #1E 3 E0 L 5
(fcc) Ta=10.467,10.787 A Th b, ZOWTFEHIIHA
AR U CEBIICEILLTWE, ThbDl & LD,
e DBIHMEAEEIHRLYXVTREE > TWAED T
¢, Ni' & Mn" BEFLINVTHABHIIELETS v ¥
ARHEDAENTVS I Ehbh -7z,

BONEETLB SNV YT v I —SEERORSES
SQUID i & DHRIE L 2. x=1 D Ni,sCr DEIFIRALIL 5.6
s, x=0 ® Mn,sCr DIE&IF 44 us Th- 1. BEHEH
MRtz 7oy b33 &, x=0~0.4 DO THEFBLIZHE
N L, x=04 TIRIE¥aicEy, x=04~1 DR
THIFIRA L IR EEING 2 & W5 FRIEFEF T 258
»E LNk (Fig. 2). AR 7 = v-7 = ViRAHME T
Al BEIFICEEBOSBA A v EBVWTEYD, BY LLTIE
CrV1 FEETH 3. Lkd-T, B 1fHEETRAE Y
BEIAHETHBDT, AEVYI7IAML—va YIFETS
B\, %t COHRERBETREBICR- I ETIRE
<, A" KEBOERDOEBA A vERWIIEETHRD
YD EEZONS, £, FEHETOHRER/LOEREMKSE
P SF o —BE (T) iF, 67K (x=0), 67K (x=0.11),
63K (x=0.33), 68 K (x=0.42), 69 K (x=0.71), 72K (x=1)
TEDREHTH T RIZEAEED SIS - 12,
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Fig. 3 Hysteresis loops at 5K for (Ni‘Mnl_.)s
[Cr'™(CN)s]-2H20: (A) x=0; ((O) x=0.42; (O) x=1.
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WRex7 ) v 2ORD> SEBIIE, 6G (480 A-
m™ x=0), 50 G x=0.11), 680 G (x=0.42), 370G (x=
0.52), 140 G (x=0.71), 120G (x=1) & HEB/LLH/IN
HAREHTEFICKRENEERT I E5bD - 2 (Fig.
3).

T LMo BREEICOBRBREHZEALIEDL S IC
PE- T, ZEREERT (Fig. 4a). Th & DL vs. {8
BERMAR &L/ BB i & — VAMRIE L 7o 7 = ) iR O 3
Bk, MO Ga A A vEN—F LAy bY Y

Lk~ % v b (YIG) 12 E THEH H 5192, 3 — LD
SRS LabE 5 EREEKREER, R B x=0), N
A (x=0.38), P (x=0.42), RE (x=0.72), QB x=1) I=
Y4 5. AT, Ok BRI vs. BEMKEORE
REEALZO0OD»S 1 FTESE B ETERTBZC
EMTEL.

COWALOEBEREW ICEIL THRETT 5729, Mn—Cr
& Ni-Cr o 2 BHEOBEREMHEEEREZR L THT
BESFERIIISE D B RA 7. BallER vV IRRIOEBR
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Fig. 4 Magnetization vs. temperature curves for (NilMnl_,);s[Cr"™(CN)s]-zH:O: (a) experimental points
obtained at 1000 G and (b) calculated dependence of |Miow! based on molecular field theory, assuming three
sublattices, the two J coefficients (Jnic:=5.6 cm™! and Junc:= —2.5 cm™?), and the compositional parameter x.
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Fig. 5 Magnetization vs. temperature curves for (NifMnl. ) s[Cr™(CN)s]-zH.0 (x=0.38, 0.39, 0.40, 0.41, 0.42,
0.43, going from lowest curve to highest curve): (a) experimental data obtained at 10 G and (b) calculated
temperature dependences of the magnetization M (—) based on molecular field theory, with three

sublattice sites (Ni, Mn, Cr) whose J coefficients Jyc:=5.6 cm ! and Jyme:=—2.5cm ™ L.

PAEEALER (J) DA 2EZBR LSS Une 5 WV IE Juner)s
B2 EVEPERU2EUS H 3 2) Xoksickasn
5.
Hyin=Ho+nyncr M,
Hyi=Ho+nnice Mcr 2)
Her=Ho~+ncon M + e M
T T°C, Ho BAESES, ny 3O TRSBHREERL, 21
R L SR & OBIFRIF B) KD &L H 1783,

7MnCr = M]Mn(lr
#N(gus)®
ner = %fma (3)
crMn = M}Mn&'
AN(gs)
neNi = Lmlrfmcr
AN(gpn)?

Zi Wi TFEOBY ICH B RTROKEET. &K T
{LIRBRTOMRIMELT, ROKXIILERTILENTES,
Miota1= —Mn+ M+ Mcr

=Ngus[ —A(1 —2){Swn) +2x{Sxip +2{Scr)] (4)
TTT, B 27 a7 vEEAEZEL, Swo=5/2, Sno=
1,Sc00=3/2 TH 3. LilEFVvEHVWTERELIIBY
> ERMALORBEEKEREZFERK Y av—va v Lk
(Fig. 4b).

ZDFER, T 1 EHOBS I, BREEREEOL
HIiE-TRADT 3 (k=0 DS RE, x=1 DIESI
QAED A%, MENREELIBEICRS 2BEHOMETI
BmA%EZ bk 5 WEHRRLOBEKREE PED HEHN S,
%/, x=0.33~042 O TIE N EAERT, Oy 14 7
FATRBE SRS L D /S WEHET T, SiERA & (&R
A TRBDOHRPHETH Y, BEICKDEBSKE LT
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1

EERLTVS (Fig. b). ZOWBRERER, 720-7<1)
BEWMHDO—DDRE BB BEH THELEEX 5. 3
BEvIaL—va vVORBREPENAIEZHEELTVWAEC
Lin s, BEHIC X EEL BRI LOBERE BRI
ENBDIE, FIAFED Mn—Cr & Ni-Cr o 2 B oE
THAREAEA TRIEN TV S Mn, Ni, Cr OZAME TR
DREREENRIL A EICL BT Ehbh -1z,

3. ABERBRE"—7z0-7z VESHEOGRA—

WEOWMBEFEDOES, +a2—Y —8(T) UToRbIZE
EoOTEE & bIcHFcEmT 2. Lh LS, 72
ittEohiciE, & 24%5EDERE (FER) TH{toRFS
M B & D A NS 5. BIfi TRk & DT,
Feid, SREOBREMHEERANPEOLDLAD DS
HAGDLE B EVWIHERT, WAVARHLOBEERRE
WAEBBLENTELLIRIE -T2, I T, KTRYLD
ZAbT 2REMPRAAL 7 = 0-7 = V) BEBIMEE AR
THIIEFEMBRIEE AR T ENTEBEEL . &
T, #FO V)4 EEFIVEHELERT.

bL, 7zv-7 2V BEHEEDO 7 = oiind7 2 )
HADELLHTEFEHMAE Y7 o2t —N=HHET
i, BIETRIED NS v 28BN TRt d 3 &
EZZonb, BRI (ALA2,-015sBICN)s D7 = aZBHD
Al ¥4 FHBVIET7 = YFHHD A2 IBVTAFHET X
EvsuRg—~"—0EIsLL LS. 22T, Al,A2,B
DREVEFHIZ 1,2,15 &35, Al iIcBWVWT Al (S=
A5 ALS=0)NRE V7 aR4—"—F 288, 2
1t (Miow) & Al OIEORALDSEDT 2 2 &ick b, BOME
ANYT7 T B —FH, A2(S=2)H 5 A2 (S=0) ~NRE ¥
7 aRA—N—F B8, 2t M) & A2 OB ORI
DT BEIEIcED, EDOENY 7 VT3 TDEFNL
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Fig. 6 Theoretical magnetization vs. temperature
curve for (A1843A2057)5sB"(CN)s, in which (i) all of
the A1" cations are in the high spin state (¢2%,
unpaired e, S=1), and (i) 70% of Al1" cations
have been converted to the low spin state (paired
eZ, S=0). If the above spin crossover reaction can
be induced via an external stimulus such as light
illumination, the magnetic pole can be inverted at
a given temperature.

DOICRBHRTH® OB IR, H 2 EE THESKERY
5 &%ERLTWVS (Fig. 6). bbhA, &E-2BHET
BEC 2B I TFHEFRHOHE bERESHER PR
a3,

RIS, TOVFYFiIcEoE, ERICIT > EBRERI
SWTHRNRE, HEOD (FeMni-,)1sCr(CN)s #&{Kl13 FeCly
& MnCl, OEA&KBEHE% KsCr(CN)e KIAKITH T4 5
itk 0B, SR EFE L REE LT, K
SUTAER L7z, 72, 37 » 1 x— %8 L T SQUID
OHFITE Y A%, FEHCIEE L 7. R OFEEHIHRD
TN YT = FREA, KT 7 A N—DIRICDF T,

7, EHECHALAELD%ERT FersCr(CN)s 122\ T
BT 5. LR OHERN» S, AN FersCr(CN)e-
75H:0 ThH 2 2 EDibir -t X FHRETOREE. S,
& AL ST CHFERIE 10616 A TH 5. b
vs. IBEHES S, T 13 21K. 74 REEIZ2TK T, &
DREED 7 = o BREBATHEEERLTOVS, 5T
(F23) IKB2RALIIRBLE/Y, 66us THot. T
DEEAR I TR (Amax =454 nm) I 2B (Fe')-&J& (Cr'
METHERINEZRT. A% 10GICLTHK T
HEEEDEIBS 21T - 72 & 05, Fe sCr(CN)s* 7.56H.0 Dl
LD L, Co%RIE 5K THEREREs . &
270K $T7=—1Y v L&l s, BLRIBHEIIOME
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Fig. 7 Magnetization vs. temperature curves of

Fe1sCr(CN)s*7.5H,0 at H=10G before (@) and

after (O) light irradiation. The curves before and

after irradiation are field cooling and field heating

magnetization curves, respectively. Magnetic mea-

surement sequence: 30 K—@®—5K (light irradia-

tion)—=0O—=30 K—80 K (thermal treatment)—30 K

—-V—>5K.
IR - 7 (Fig. 7). T3, BT & » TR Ui bassy
RHERIORMLICETL LI T EARLTWVWAS, £ 28y
TN OER» S, JOHRIE, BRI R ¥ RS L
fo Fe' & Cr' astfhiiRELBEH LT, SN E(E
FUr s nIc BRI IR Eb S itk b T &
b,

LT, F€1A5CI'(CN)(3 37 = Dw‘ﬁf{z&ﬁ@’@, Mn, sCr

2000
=
1
g 1600 - \
OOE v 0'“""""' v
1200 - o vy
3] o \
g o v
c 800 - o v
Q
N 400 - o h
= (] v
[0 a o v
& e
@ 0- -
=
-400 T T T 1
0 20 40 60 80
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Fig. 8 Magnetization vs. temperature curves of
(FexMn;»)15Cr(CN)s 7.56H20 at 10 G. (V) x=0; (O)
x=0.40; ((J) x=1. The temperature dependence of
x=0.40 is due to the sum of the positive magneti-
zation of the Mn" sublattice and the two negative
magnetizations of the Fe' and Cr sublattices,
which have different temperature dependences.
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Fig. 9 Magnetization vs. temperature curves of
Feo,z;oMno_soCr(CN)s‘7.5H20 at 10G in the field of
H=10G before (@) and after (O) light irradiation
at 16 K for 72 hours. Magnetic pole inversion is
observed below the compensation temperature of
19K as a result of light irradiation and the pole
is reversed back again by thermal treatment (£)
above 80 K. Magnetic measurement sequence; 70
K—@—>2 K—@®—16 K (light irradiation for 6, 24,
48, 72 hours; €)—>0O—>2 K—~>0O—70 K—>80 K (ther-
mal treatment)—70 K—=A—2 K.

(CN)s*7.5H0 (T.=67 K) 27 = u-7 = V) iB&®HED
7 = ) INTEAL. MnsCr(CN)s- 7.6H0 13 BJ#HFRE I
WAt <, Feic k0 Z OB LIZZE L LI, ERRRE
7 = 0-7 = JBEHMHA (Fe:Mn) ) sCr(CN)s Tid, Cr
E Fer 20 Mn" i—oBEXITOEN > TVWB 2D,
SEATR E v (CeM Fell) ERCEFT R v (Mn") RS HTH
#LT, MR x=1/3 TIHBL, S5I, x=1/3 ft
AOHAETRAORILEZRT CEXHR/FEINE. AR
OFHICESVT MBEBOA&KREIT- . Bohk
(Feo 4Mnoeo)1 sCr(CN)s Tid, x DHEHITAEN T 3 67 K A
521K ~NETFBT 5. 5K ICB 28RS x 1tk D
ZARENCE LT B, x=0 55 x=0.38 ORITIIELANE
DL, x=0.88 T KRZVEHTIIEML 7. $£72, x=040
OMEHIKIR T, AOH{LERL /2 (Fig. 8).

C OFERIC 16 K TR 2 HsfBE Lic s 25, 15
K TRETH > BB EicREz L 72 (Fig. 9). Z OWERK
HElE 7 = oD (Fe-Cr 44 1) OBAL»ED L7
W, 7xafns 7= VoSBT EIEICKDE
U, &5, ZoMBoR ki 80K £ TREE%R LT3
ZEiEnEELL ik b RiEL B BRRICR
h, ZDEHEL SABETH - 7z (Fig. 10).

PEo&siz, 7xv-7 = )RSV ESEIR
HUT, FAIOEHRMIERE S VO FrligRg s R
KoL,
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Fig. 10 Reversible magnetic pole inversions re-
sulting from alternate stimuli: magnetization at
15 K after light illumination (hv) for 3 hours, and
magnetization at 15 K after thermal treatment (4)
above 80 K.

4. ¥ & B

ARG TR L AER S, D TFRIMAEEEST 2RICER
Wb, FE, WBNKEL & OMSEELSIET 3 &0
BEsr CEEEVSDOTH B, T, TOHERI, BEHE
D7 x~olgEd 7 = VREHOMP NS v 2D ETERD
L->TWBDT, BREEECEMKHE L & ot
K, WK, B, T, BEREoATRIBICNT 58
I EIERSE NS, T Oh T4, KFHREERE
EVIFHHRR AR WS T I ENTE . £, BoROH
FCEIFRNERNEREBET 57 = 0-7 = VRS
WHER SR TEX T &0 5, 5%, MSOUFSE, 3k
PIOEFZNR, & HBEBREBES & OL ERFEMRIAE
OBIRDERETH B EEZL N 5.
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