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Magnetic Properties of Pseudo-1D S=1/2 AF-F 
Alternating Chains under Magnetic Fields 

SATOSHI KOKADO" and NAOSHI SUZUKIab 

aDivision of Materials Physics, Department of Physical Science, Graduate 
School of Engineering Science, Osaka University, 1-3 Machikaneyama-cho, 

Japan Science and Technology Corporation 
Toyonaku, Osaka 560-8531, Japan and "Research" Area CREST 

Magnetic properties of pseudo-I D S=1/2 AF-F exchange alternating systems under magnetic 
fields are investigated by the combined method of pair dynamical correlated-effective-field 
approximation (Pair-DCEFA) and mean field approximation. The results are applied to 
pseudo- ID S=1/2 AF-F alternating chain (CH3)2CHNH3CuC13, and the exchange integrals of 
this system have been estimated as follows: 5,,=47.0 K, 5~=94.0 K for intrachain couplings 
and ISI=O.125 K for coupling between the adjacent chains. Further, it is shown that the 
observed nuclear spin-lattice relaxation time can be explained fairly well on the basis of the 
susceptibility calculated by the Pair-DCEFA. 

Keywords; S=1/2 AF-F alternating chain; Pair-DCEFA; effect of inter-chain coupling; 
nuclear spin-lattice relaxation time 

INTRODUCTION 

Magnetic properties of one-diiiieiisioiial (1D) S=1/2 antiferroinagii~.tic.- 
ferroniagrirtic (AF-F) alterriatirig chairis. whicli liave a gap betweeii 
the singlet ground state and triplet excited states. liave been stud- 
ied extensively both e~periiiieiitally~',~] a d  thcoIetically[J~41. Recently, 
iiiagnetic pliase t ratsitions have 1,ecn ol~servcd iu a couple of organic 
pseudel l )  S=1/2 AF -F alteriiatiiig chains. and tlic, iniportitnce of in- 
tcrchaiii coupliiigs lias been suggested. W e  liave previously studied the 
effects of interchain couplings iit t,hese organic sys tem by using thc D
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154/[8661 SATOSHI KOKADO and NAOSHI SUZUKI 

combined method in which the iiitrachain and interchain couplings are 
treated by the pair dynaniical correlated-effective-field approxiiiiation 
(Pair-DCEFA) and tlie niean field approxiniation (MFA) , re~pectivelyl~l. 
This Pair-DCEFA lias advaiitages of beiiig able to calculatra easily t,lw 
q- anrl d-dependent susceptibility aiid its temperature depciidrnce aiicl 
also Iwing applicable to three tliiiieiisioiial systeins without diffic~ulty. 

Quite rcxceiitly, by specific hcat Iiieasurenieiits Manaka et ul.['] liavr 
observed iiiagiic.tic phase transitioiis uiider Iiiagnetic fields iii a pseucle 
1D S=1/2 AF F alternating chain (CH3)2CHNH:ICuC13 wliicli does iiot 
order iii zero field. Iii this paper. wc t.xt,riiti the coiiii>iiied ~ i i e t h o d ~ ~ ]  
of Pair-DCEFA and MFA to the case rinclrr iiiagiirtic fields. aiid inves- 
tigate tlir iiiagiirtic phase, traiisitioii observed iii ( CH:<)~CHNH~CUCI~.  
We also analyze by Pair-DCEFA the triiiptnturc drpriidenc,r of nuclear 
spiii-lattice relaxatioir time TI of this systeiii, which lias Iwen iiieasurcd 
by T.  Iiubo et U L . [ ~ ] .  

PAIR-DCEFA UNDER MAGNETIC FIELDS 

We fiist considel a single S=1/2 AF F altt%iuating cliaiii uiitler mag- 
netic field6 along the z-axis. The relevailt Hariiiltonian is expressed as, 

Here we liave assunied tlie nearest neighbor (1i .11.)  excliange coupliiigs 
J ,  (< 0) and J2 (> 0). H represeiits t i i t  strength of the maglietic field 
and S,,p deiiotcs the spin p in the unit cell i witli p being 1 or 2. Withiii 
tlir fraiiiework of Pair-DCEFAI3! the first and t,he third teriiis in Eq.( l ) ,  
i. e .  tlie aiitiferroiiiagiietir coupling spin-pair, is treated exactly, and for 
tlie second teriii J2S,-.l,2' S,J i n  Eq.(l), i . e .  the interaction between the 
pairs. the following decoupling is adopted: 

- Jz [S~-I~~.   s st,^) - c t ( s i - 1 . 2 ) )  + s z , 1  ' ((St-1;~) -  s  st.^))] (2)  

where ( S )  deiiotes the field-induced spin inoiiiriit aiitl o represents a 
correlatioii I)araiiietcr wliirli slioulci IW cleteriiiiiictl self-roiisisteiit,1y[~1. 

Tht. effective spin-pair Haniiltonian for thr  uiiit cell i is iiow given 

HfH = -Jls,J . s,,1 + H'(SiJ  + S:,J. (3) 

wit11 
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MAGNETIC PROPERTIES OF PSEUDO-1D S=1/2 AF-F [867]/155 

where (S') (E (Stz,l) = (S$) denotes the site-independent spin moment 
induced by the uniform external filed. By using the eigenvalues and 
eigenstates of the above effective Hamiltonian and in the spirit of the 
DCEFAr71 we can calculate the traiisverse susceptibility tensor >;+- ( q ,  w) 
of tlie whole system. The final expression of X+-(q,w) is written as 
follows: 

with 

P I  - Pt,-1 P1,-1 - Pt,1 

w + H' + +- - 1 Pt,l - P s  
'I2 - 2 (w - J1 + H' + w + J 1 +  H' 

where c and c' represent the bold Icngth for AF and F interactioiis. 
respectively, and pb = e-PJ1/Z and ,ot,,,, = e - ? H ' f l r / ~  ( t t t = - I ,  0 ,  1) wit11 
Z = e-PJ1 + ePH' + 1 + e-BH' aid 13 = l/kBT. 

In order to determine (s') and cy simultaneously, we iiiipose the 
following self-consistency conditions: 

(5'') = Tr[S,I, e~p(-/JZ;~)]/Tr[exp( -$Zt')], ( 5 )  

where X dcnotrs the total number of spins and ({$,SF}) I (STS; + 
S;S:) = 2{S(S + 1) - ((,cP)~)} represents the oii-sit,e spin correlatioii 
calculated by using tlie effect,ive spin-pair Haniiltoiiian Eq.(3). Equatioii 
( 5 )  represents tlie usual self-consistency conditioii for (S'). Equation ( G )  
is required froni the fluc.tuatioii-dissipat,ioli theorein, and its iinplicat,ion 
is that the on-site spill correlation calculated froni the dynaniical suscep- 
tibility (tlie right-hand side of Eq.(G)) sliould bc equal to that, calculated 
from tlie effective spin-pair Haniiltonian. 

Equat,ioii ( 5 )  is expressed inore explicitly as 
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156/[868] SATOSHI KOKADO and NAOSHI SUZUKI 

The actual calculational procedure of the righthalid side of Eq.(6) is as 
follows. We first solve Mi' - kk*=O to obtain poles ~ ~ ( 9 )  (z=1-3) of 
k:,-(q.u). Then, by using these ul(q),  k:c(y,w) is transforiiied as 

Froin Eq.(?) ant1 Eq.( lo), (9) aiitl ( Y  are dctemiiiied self-consistently. 
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MAGNETIC PROPERTIES OF PSEUDO- 1 D S=1/2 AF-F [869]/157 

In Figures 1(A) arid (B) we show examples of temperature and 
magnetic-field dependencies of a. As seen from Figure 1(A), with de- 
creasing temperature from high teniperatures, N increases monotoiiously, 
takes a iiiaxiiiiuiri around the teiiipraturt~ c:orrespoiidiiig to about 0.3).11 1, 
ant1 tlieii approaches to a finite value toward T=O I<. Further, (1 1)ecoIiies 
large wlieii H iiicreaves. Figure 1(B) shows that tlie siiiallc~ tlit. value 
of J2/IJI I takes, the smaller (I bccoiiies. Most of these cliaractrristic 
behaviors of (L caii be understood I)y corisideriiig that spiii correlatioii 
betweeii tlir: spin pairs becollie strong for large ,J2 aiid also thry tlevchp 
with decreaviiig teiiiperature or increasiiig maglietic fields. However, tlie 
pliysicd origiii of the iiiaxiiiiuiii of o as a function of teiiipc’rature is iiot, 
clear at prcsciit. As to the tciiiperaturo aiitl iiiagiietic-fic4d deptwlc~i- 
cies of (S‘) we siiiiply note that it takes rather siiiall values in the whole 
teiiiperature raiigc for iiiagrietic fields siiidler thaii tlic, gap eiicrg-y. Oiiw 

(9) a d  o are deteriiiiiied, tlie tlyiiaiiiical susceptibility teiisor if- (q ,  w )  
is fixed and we can calculate various p1iysic:al qiiaiitities from ,if- ( q ,  w)f3I. 

Effect of Interchain Coupling 
Rcwntly, iiiagiiotic pliascb traiisit*ioiis riiitler iiiagiietic ficaltls liavc, IMVYI ol)- 
served in aii orgaiiic pseudo-1D S=1/2 AF F exchmge alteriiatiiig cliaiii 
( CH3)2CHNH3CuC13[51 whicli does not order at  zero field. Motivated by 
this oxperiiiic.iita1 results. we have iiivtstigatctl tlie dfect, of iiiterchaiii 
coupling oii tlie iiiagiietic phase traiisitioii uiider iiiagiietic fields. For 
this piirpost~ we have adopted tlic coinbined ~iietliod[~] of Pair-DCEFA 
aiid the iiieaii-field approxiiliation (MFA), that is, we use Pair-DCEFA 
for iiitrachaiii coupliiig arid MFA for iiitercliaiii coupling. According to 
tliis inetliotl the geiicralized susceptibility for tlie wliolr tliree (Iiiiim- 
sioiial systeiii cau be obtaiiied iii tcruis of the iiitcrcliaiii coupliiig aiitl 
tlir susceptibility of a siiiglc cliaiii obtained by Pair-DCEFA. Occrir- 
rctiice of pliasr transitions is goiicIally tl(~teriiiiiird froiii t h  cx)iiditioii of 
divcrgmce of tlie gericralized susceptibility and in tlic preseiit c a s ~  tlie 
coiiditiori is exprcssecl ad‘] 

wlitw .I’ tleiiot,es tlic 11.11. interchaiii exc.liaiigc~ iiitcgral (t,lie riuiiilwr of 
i i . ~ .  spins is assuiiied to be four), aiid \ * ( q . H , T )  deiiot,e \:;(y.w) f 
I \ :; ((I. &)I wliicli are the two eigcnvaliies of the static susceptibility tcii- 
sor i + - ( q ,  0) of a siiigle cliaiii. It is iioted licre that \ - ( O %  0, T )  ( ~ n r o -  
spoiids to tlic uiiiforiii static susceptibility of a siiigle cliaiii. I n  Figure 2. 

for .J2/1,J11 = 2 and yp ,H/IJII=0 .03 .  To be iuiportaiit. for AF F cliaiiis 
\ + (q ,  H , T )  is larger than \ - ( y ,  H,T) for ariy value of (I. Furtlieriiiore, 

wc S ~ O W  AS a11 ( ~ x a ~ i i l > l ~ ~  (1- &lit1 ttl1il)t’r;tttirt’ d(~l)t’iid(~lict~ of \ +( 4 .  H .  T )  
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I58/[870] SATOSHI KOKADO and NAOSHI SUZUKI 

at each temperature for a giveii field x+(y, H,T) takes the maxirnuni 
value at q = ?r as a function of q,  and this behavior can be explained 
by (.onsidering that the gap has tlic iiiiiiiriiuni value at q=x. It sliould 
be also noted that for a give11 teinperature the value of \ + ( q ,  H , T )  in- 
creases with inc.reasing H .  

F l  \ gp$l/U,I d.03 

0.25 0.5 0.75 I 
kB TAlJl I 

FIGURE 2 The teniperature depciidriicc~ of \+(q ,  H .  T )  cal(wlattv1 
for seveial values of q by fixing Jz/ l . / l l  aiitl y p e H / I J 1  I to 2 and 0.03, 
iespectively. The unit of q is l / (c  + 8 ) .  

The actual transition temperature (NPel temperature T,) is defined 
as the highest temperature wliich satisfies the coiidition (1 1.). Hence, 
by taking into c*onsideratioii the cliaracteristic behaviors of \ * (q .  H ,  T )  
iiieiitioiied above the equation to detwiiiiie T, is expressed siinply as 

1/[2.1’[ - \+(7r,H,T) = 0. (12) 

I t  is easily recognized that TN is prwtic-ally drterniined from the crossing 
betweeii tlic curve of \ + ( 7 r ,  H , T )  as a fiiiictioii of T a id  the straight line 
c~respondiug  to 1/12J’I. Since \+(x, H,T)  is a dwreasing funrtioii of 
T.  if 1/(25’1 > \ + ( 7 r ,  H,O) is satisfied, iio crossing point is olitaiiied. if!. 
phase transition does riot occur. 111 particular, if 1/12./’1 > \+(K, 0: O), 
it iiicwis that tlic systeiii does uot order at. zero field. Evcii in t,liat 
case. thr phaw trausitioii is wperted to occur for fiiiite fields 1m.austl 
\+(K. H . 0 )  int~reaws with incrcasiiig H aid li~iire Ifl’rJ‘l < \+(x. H,O) 
may be fiilfilltd for H largrr tliaii soiii(~ criticd valiie. 

111 applving the above metliod to ( CH:j)zCHNH3CuC13 we first an- 
alyzed by Pair-DCEFA the observed uniforiii static siweptibility[’J at 
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MAGNETIC PROPERTIES OF PSEUDO-ID S=112 AF-F [871]/159 

temperatures higher than TN and estimated the intrmhain exchange iii- 
tegrals as J1=-47.0 K and 52=94.0 K. The observed and the calculated 
uniforiii static susceptibilities as fuiictioiis of temperature are sliown in 
Figure 3(A).  Next, I y  iliaking use of i+( r ,T ,  H )  calculated with use of 
9=2.26['1 aiid the detcwiiined 11 and 52 we have estiniatrd the riiagiii- 
tude of J' so as to reproduce tlic observed NPel tenipcrature at  H=10.2 
T (see Figures 3(B) aiid (C)).  The nragnitude of interchaiii exchange 
coupling determined in  this wdy is (J'(=0.125 I<. 

Pair-DCEFA ~ 

- 

0 I 2 
T IKI 

1 I 

- 0 9  

0.8 

0.7 

2 i '  
-0- Pur-DCEFA 

10 10.2 10.4 
H [TI 

FIGURE 3 (A) The temperature depeiideiice of inverse of tlie 
uniforiii susceptibility of (CH~)&HNH~CUCI~.  TIw circles deliotc 
the experimental datar'] and tlir full curve represents the theoretical 
results for a single AF.-F cliaiii obtaiiied by Pair-DCEFA witli use 
of J1=-47.0 I< and J2=94.0 I<. (B) The teniperatiire depentlence 

of H .  Tlie horizontal dotted h i e  represents 1/125'1 = 2. (C) The 
niagiietic-field depeiideiice of Ts . The open triangles deuotc tlw 
experimental 

of A + ( " ?  T,  H )  of ( C H ~ ) ~ C H N H ~ C U C I ~  calculated for several VdiUCS 

a d  the c.losed circles the theoretical results. 

Nuclear Spin-Lattice Relaxation Time 
Quite receutly, T. L i b o  et. d.['l liavr iiiewurcd prot,ou spiii-latt,ice rrlax- 
at,ioii time TI of ( CIH3)2CHKH3CuCI:, uiider iiiagiietic fields. According 
to their results l/Ti shows at a low teillperaturr regioii it behavior of 
activate energy type expressed as exp[-(A - gpBH)/A.BT], but its origin 
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160/[872] SATOSHI KOKADO and NAOSHI SUZlJKl 

wliere ( T , , ~ )  represeiits r r i  ( 1 1 )  site iu It11 ( j t l i )  unit cell with I I J  ( 1 1 )  

hi i ig  1 01- 2. and I ’ ~ , , , , , ~  ( rp,Jl,) denotes the t1istaiie.c I)et#weeii protoii site 
aiicl I,,,,, ( , I . ~ , ~ ) .  Further, tlic @p,z,,l (gp,J,,) is defiiiccl as tlie aiigle 1)etwerii 
the directioii of electric spin at (r.,,,) and that  of proton spiii. 

0 0 0 0  

O O O O  

$@ Cu 0 proton 

FIGURE J ( A )  Tlic positions of protoiis i i i  tlir vicinitv of Cn 
ioiis iii (CH3)’CHNH3CuCla. (B)  Tlic q-tle,l,t’iiclencics of .4:, ( q ) ,  
h[ .4k2(q)]  aiitl Iiii[.At2(q)] in (CH3)2CHNHaCuC1:1 arc sliowii by 
tlie solid, dottrtl aiid dot-clashed curves, rcspectivcly. Tlir uuit of 
q is T / ( C  + (’). 
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MAGNETIC PROPERTIES OF PSEUDO-I D S=1/2 AF-F [873]/161 

In actual calculation of Ak,,,(q) we have assumed the proton and cop- 
per positions as shown in Figure 4(A) and the following distaiices are 
used: Cu-Cu [short] =3.417 A, CII-Cu [loiig] =3.506 A['], and distance 
betweeii proton aiid Cu cliain - (3.0 A. I n  Figure 4(B) ,  y-dependencies 
of A:,(y), Re[At2(y)] aid Ini[Ai2(y)] are showu by the solid. dotted aiid 
dot-daslietl curves, respectively. As seen froin Figure 4(B) A:, (q) and 
IRe[At2(q)]I have large values arouiitl y=O and 271, but  they are siiiall 
around q=r. Further the niagnitude of I i i~[A+~(q)]  is rather siiiall coni- 
pared with those of Afl(q) aiid Re[il+,(y)]. aid it sliould be noted also 
that  ~!,!,(y) (111,  or 2 )  Iiaw quite sindl iiiagiiit,ride for any value of 
f i .  Consitkring a11 of tlit'sc diai-wtcristic. fcat,ures of ,4!,,,, (y) we adopt 
tlifb followiiig drastic apl)r"xiiiiatioii, iiaiiirly wts take iuto acwuiit oiily 
A:, (y) aid Re[Ak,(y)] for y=O and 27r aiitl neglect all of other A!,,,,(q). 
Then l/T1 is expressed simply as. 

1 /z  ~{~;,(O)\;I-(o) + R.[A:2Co,lR.[L~~(0)1 
+A:, ('27r) 1;; ( 2 ~ )  + Re[A;tlc27r)lne[x~;(2.,1). (16) 

Froiii tliis equation we liavc calculated tlic tenipcrature dependence of 
1/Tl a t  H=3.5  T by usiiig iTy(q)  ant1 Re[\:;(y)] (y=O. 271) obtained in 
tlie previous section. The results are shown in Figure 5 by tlie full curve. 
The obtained l/T, agrees fairly well with tlie exyeriiiiental result16]. 

4 -  

-i 3 -  

Y 

d 

I 

0 -  
0 

FIGURE 5 Tlir teiiiprratiire clepc~ndeiice of l/Tl of 
(CH3)&HNH3CiiC:l3 a t  H=3.5 T. The solid aiid dotted ciirvcs rep- 
resent tlie rcsiilt,s oltaiiic4 by using Pair-DCEFA and by assuniing 
the activate energy type, respectively. Tlic circles deilote t,he ex- 
p,rrinieiitd d;tta['l. 
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CONCLUSION 

By exteiidiiig Pair-DCEFA to tlic case under iiiagiietic fields wc liavc 
investigated the maglietic properties of S=1/2 AF--F alteriiatiiig chaiiis 
uiitlc~ iiiitpiit~tic fields. We also stiitlicd tlic effects of iiitwcliaiii coiipliiig 
on the magnetic pliase traiisitioii uiitler niagiictic fields by adopting tlie 
roiiibined method of Pair-DCEFA aiitl MFA. Applying tlic coi1il)iiie.d 
riiethod to a pseiido-lD S=1/2 AF F cliaiii (CH3)&HiYH3CiiC1:~ we 
have evaluated tlie interchain exchaiige coupling as well as iiitracliaiii 
tixclia~igtb c.oupliiig. Finally, by risiiig tlir susct.l)til,ilitics ra ldatet l  by 
Pair-DCEFA we have succeeded to explaiii tlic observed ttwilwratrirc- do- 
pencleiice of iiuclear spiii-lattice relaxation time of ( CH3)2CHNH:$iiCls. 
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