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

SATOSHI KOKADO® and NAOSHI SUZUKI?

ADivision of Materials Physics, Department of Physical Science, Graduate
School of Engineering Science, Osaka University, 1-3 Machikaneyama-cho,
Toyonaka, Osaka 560-8531, Japan and b«Research” Area CREST,
Japan Science and Technology Corporation

Magnetic properties of pseudo-1D $=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-1D $=1/2 AF-F alternating chain (CH;),CHNH3CuCls, and the exchange integrals of
this system have been estimated as follows: J,p=—47.0 K, J5=94.0 K for intrachain couplings
and 1/1=0.125 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-dimensional (1D) S=1/2 antiferromagnetic-
ferromagnetic (AF-F) alternating chains. which have a gap between
the singlet ground state and triplet excited states, have been stud-
ied extensively both experimentallyl"? and theoretically®4. Recently,
magnetic phase transitions have been observed in a couple of organic
pseudo-1D S=1/2 AF-F alternating chains. and the importance of in-
terchain couplings has been suggested. We have previously studied the
effects of interchain couplings in these organic systems by using the
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combined method in which the intrachain and interchain couplings are
treated by the pair dynamical correlated-effective-field approximation
(Pair-DCEFA) and the mean field approximation {MFA), respectively(®.
This Pair-DCEFA has advantages of being able to calculate easily the
¢- and w-dependent susceptibility and its temperature dependence and
also being applicable to three dimensional systems without difficulty.

Quite recently, by specific heat measurements Manaka et ol have
observed magnetic phase transitions under magnetic fields in a pseudo-
1D S=1/2 AF F alternating chain (CHg),CHNH;CuCl; which does not
order in zero field. In this paper. we extend the combined method?
of Pair-DCEFA and MFA to the case under magnetic fields. and inves-
tigate the magnetic phase transition observed in (CHjy)CHNH3CuCly.
We also analyze by Pair-DCEFA the temperature dependence of nuclear
spin-lattice relaxation time Ty of this system, which has been measured
by T. Kubo et ol!8.

PAIR-DCEFA UNDER MAGNETIC FIELDS

We first consider a single S=1/2 AF F alternating chain under mag-
netic fields along the z-axis. The relevant Hamiltonian is expressed as,

H= —Z [-]15-,1 “Sia+ J2Sic10- S —gusH(S] | + S.z)] Y

Here we have assumed the nearest neighbor (n.n.) exchange couplings
Ji (< 0) and Jy (> G). H represents the strength of the magnetic field
and S, denotes the spin g in the unit cell ¢ with u being 1 or 2. Within
the framework of Pair-DCEFA®! the first and the third terms in Eq.(1),
i.e. the antiferromagnetic coupling spin-pair, is treated exactly, and for
the second term J,8;_12- S, in Eq.(1), i.e. the interaction between the
pairs, the following decoupling is adopted:

Ja [Si—l.'l ({Sia) - a(S;12)) + Si1 - ({(Si-12) — "(SiJ})] . (2)

where (S) denotes the field-induced spin moment and a reproaents a
correlation parameter which should be determined self-¢ ousistently!”)

The effective spin-pair Hamiltonian for the unit cell / is now given
by

H = —Ji S, Sia + H'(SE, + 5a). @
with

H' = gusH — Jp(S7)(1 — a),
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where (S*) (= (S?;) = (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
DCEFA!™ we can calculate the transverse susceptibility tensor ¥+~ (g¢,w)
of the whole system. The final expression of Y77 (¢,w) is written as
follows:

- +—
X11 (va) X12 (Q»w) ) }}* *y—1
_ - = — kk
(x-iﬂ (gw) x37 (g,w) (h )7 x
( hofi — kofye™  h ey e — kot )

—k* ¢l + hofyeTe —k*gfy e + hofy” @

with

h=1+ Jz(a¢11 —¢+ ch+c))’

k=—= ]z (¢+— —ie ud)i".[e"’") ,

¢+" = l ( Ps — P Pr—1 — Ps -1 — /’t.l)
1 2\w—-J;+H" w+J +H w+H )
+- _1_ ( Pra— Ps Ps — Pr-1 Pr—1— Pm)
2 To\w—1+H  wH+h+H w+H )

where ¢ and ¢ represent the bond length for AF and F interactions,
respectively, and p, = e/ /Z and py,, = e '™ [Z (in=—1, 0, 1) with
Z=eP 4 efH 1 +e M and g = 1/kgT.

In order to determine (S*) and a simultaneously, we impose the
following self-consistency conditions:

(87) = Tx[S}, exp( —BH)]/Tilexp( ﬂH"‘")] (5)
{SF.srh = —Z / dwtoth )Im\11 (g,w +1is), (6)

where N denotes the total number of spins and ({ST,S7}) = (SFST +
STSTY = 2{S(S + 1) — ((S¥)?)} represents the on-site spin correlation
calculated by using the effective spin-pair Hamiltonian Eq.(3). Equation
(5) represents the usual self-consistency condition for (5?). Equation (6)
is required from the fluctuation-dissipation theorem, and its implication
is that the on-site spin correlation calculated from the dynamical suscep-
tibility (the right-hand side of Eq.(6}) should be equal to that calculated
from the effective spin-pair Hamiltonian.
Equation (5) is expressed more explicitly as

(5°) = 5 = o). 7
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The actual calculational procedure of the righthand side of Eq.(6) is as
follows. We first solve Ah* — kk"=0 to obtain poles w;(g) (i=1~3) of
X717 {g.w). Then, by using these w;(g), x{;"(¢,w) is transformed as

3 (e
g = Y-l (8)

with

w

ilg) = G(‘IMI(Q))H wilg) + x; / H wm —wa(g)), (9)

iz | m.on=1

(mn)

where

G(g,w) = Wof = kol e,
= —Ji +i!, €y =) +H T H'.

[nserting Eq.(8) into the righthand side of Eq.(6) we can rewrite Eq.(6)
i the following form:

3
(57 =5 = F [Eonto conipta/a)]. (10)
¢ Li=1

From Eq.{7) and Eq.{10), {S*) and « are determined self-consisteutly.

08 7 (A) 06 (B) 1

VY,
JAU =2
= 04
s Uy =2 -
o5} 1
— gupHlJ|l =0.06

~~~~~ .12 02
— 0.5
018 s =0.03
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FIGURE 1 (A) The temperature dependence of the correlation
parameter a for guyH/{J|=0.06, 0.12, 0.18 and Jy/|Ji|=2. (B)
The temperature dependence of the correlation parameter ¢ for

Ja/1J1]=0.5, 1, 2 and gus H/|J;|=0.03.
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In Figures 1(A} and (B) we show examples of temperature and
magnetic-field dependencies of a. As seen from Figure 1(A), with de-
creasing temperature from high temperatures, « increases monotonously,
takes a maximum around the temperature corresponding to about 0.3].J,],
and then approaches to a finite value toward T=0 K. Further, o becomes
large when H increases. Figure 1(B) shows that the smaller the value
of J,/|J1| takes, the smaller o becomes. Most of these characteristic
behaviors of a can be understood by considering that spin correlation
between the spin pairs become strong for large J, and also they develop
with decreasing temperature or increasing magnetic fields. However, the
physical origiu of the maximum of « as a function of temperature is not
clear at present. As to the temperature and magnetic-field dependen-
cies of (S*) we simply note that it takes rather small values in the whole
temperature range for magnetic fields simaller than the gap energy. Once
(S°) and « are determined, the dynamical susceptibility tensor x+~ (¢, w)
is fixed and we can calculate various physical quantities from y*~ (¢, w)B.

Effect of Interchain Coupling

Recently, magnetic phase transitions under magnetic fields have been ob-
served in an organic pseudo-1D S=1/2 AF F exchange alternating chain
(CH3);CHNH3CuCl3P% which does not order at zero field. Motivated by
this experimental results, we have investigated the effect of interchain
coupling on the magnetic phase transition under magnetic fields. For
this purpose we have adopted the combined method!® of Pair-DCEFA
and the mean-field approximation (MFA), that is, we use Pair-DCEFA
for intrachain coupling and MFA for interchain coupling. According to
this method the generalized susceptibility for the whole three dimen-
sional systeni can be obtained in terms of the interchain coupling and
the susceptibility of a single chain obtained by Pair-DCEFA. Occur-
rence of plase transitions is generally determined from the condition of
divergence of the generalized susceptibility and in the present case the
condition is expressed ast®l,

[(1/120°)) = \{a. H DA /{2T']) = \-{¢. H.T)] = 0. (11)

where J' denotes the n.n. interchain exchange integral (the number of
n.u. spius is assumed to be four), and \+(¢. H,T) denote \{;" (¢.w) £
117 (g, w)] which are the two eigenvalues of the static susceptibility ten-
sor \*7(¢,0) of a single chaiu. It is noted here that y_(0,0,T) corre-
sponds to the uniform static susceptibility of a single chain. In Figure 2,
we show as an example ¢- and temperature dependence of \+{q. H.T)
for Jo/|J1| = 2 and gug H/|Ji]=0.03. To be important. for AF F chains
v+ (g, H,T) is larger than \ -{¢, H,T) for any value of ¢. Furthermore,
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at each temperature for a given field x,(g,H,T) takes the maximum
value at ¢ = 7 as a function of ¢, and this behavior can be explained
by considering that the gap has the minimum value at g==. It should
be also noted that for a given temperature the value of x (¢, H,T) in-
creases with increasing H.

, ==
15 LA =2
3 SuaHIU,| =0.03
M~ qof
3
=
Y
5
0
0 T -
0 0.25 0.5 075 i

kn TN

FIGURE 2 The temperature dependence of y (¢, H,T) calculated
for several values of ¢ by fixing J/|J;| and gy H/|Jy| to 2 and 0.03,
respectively. The unit of ¢ is 1 /(¢ + ¢).

The actual transition temperature (Néel temperature Ty) is defined
as the highest temperature which satisfies the condition (11). Hence,
by taking into consideration the characteristic behaviors of vy (¢, H,T)
mentioned above the equation to determine T}, is expressed simply as

/{2 = \4(n, H,T) = 0. (12)

It is easily recognized that Ty is practically determined from the crossing
between the curve of \ 4 (7, H,T) as a function of T and the straight line
corresponding to 1/]2J']. Since \4 (7, H,T) is a decreasing function of
T, if 1/|2J'| > \+(n, H,0) is satisfied, no crossing point is obtained, i.e.
phase transition does not occur. In particular, if 1/[2J'] > \+(7.,0,0),
it meaus that the system does not order at zero field. Even in that
case. the phase transition is expected to occur for finite fields because
\+(7. H.0) increases with increasing H and hence 1/]2.7'] < \4 (7. H,0)
may be fulfilled for H larger than some critical value.

In applying the above method to (CHy),CHNH3CuCl3 we first an-
alyzed by Pair-DCEFA the observed uniform static susceptibility( at
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temperatures higher than Ty and estimated the intrachain exchange in-
tegrals as J1=—47.0 K and J3=94.0 K. The observed and the calculated
uniform static susceptibilities as functions of temperature are shown in
Figure 3(A). Next, by making use of x (@, T, H) calculated with use of
¢=2.2613 and the determined .J; and J, we have estimated the magni-
tude of J' so as to reproduce the observed Néel temperature at H=10.2
T (see Figures 3(B) and (C)). The magnitude of interchain exchange
coupling determined in this way is |.J'|=0.125 K.

2 re—
=10 J=41 K BV =2
§ 10 H=105 T
Pair-DCEFA g
151 : 2 s
5 ©  experiment 5 Shes (B)
% [OTSS A
: <
LR 0 1
- T [K]
~—@— Pair-DCEFA
05 (A) Q 09 ex.;rimt
. S ©
0 100 200 300 » 10 102 104
T K} H [T}

FIGURE 3 (A) The temperature dependence of inverse of the
uniform susceptibility of (CH3);CHNH;3CuCl;. The circles denote
the experimental datal?l and the full curve represents the theoretical
results for a single AF-F chain obtained by Pair-DCEFA with use
of J;=—47.0 K and J,=94.0 K. (B) The temperature dependence
of x4 (m, T, H) of (CH3)2CHNH;3CuClj calculated for several values
of H. The horizontal dotted line represents 1/|2J'] = 2. (C) The
magnetic-field dependence of Ty. The open triangles denote the
experimental datal®! and the closed circles the theoretical results.

Nuclear Spin-Lattice Relaxation Time

Quite recently, T. Kubo et all®l have measured proton spin-lattice relax-
ation time T) of {(CH3),CHNH3CuCl; under magnetic fields. According
to their results 1/T; shows at a low temperature region a behavior of
activate energy type expressed as exp{—(A - gpe H)/koT), but its origin
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is not clear. Hence, in this section we try to understand this behavior
of 1/T} by performing analysis with use of the susceptibility under mag-
netic fields obtained by Pair-DCEFA.

The inverse of nuclear spin-lattice relaxation time 1/T} is written
approximately as,

YT xTY 3 (/945 (@dn (@) + Al (i) (13)

4 mn=1

where Al (¢) (m, n=10r 2, [=1 or /]) are the coctficients of hyperfine
structure which are defined as the Fourier component of the product of
two dipole- dipolv interaction between electric spin S; aud nuclear spinf®.
Explicitly A/ (¢) are given as follows:

(1 = 3 cos? Opim)(1—3 cos?, ) +9 sin? Opim sin? Oy in

Af;m( ) = Z 23

3
] FpimTp jn
x(xl‘i(hm"';n)’ (14)
9sin B iy, cos By sin by, cos b, |
1/ E Pt P pn PN ig(Tem =1 yn) r
Amu( ) Z "3 3 ¢ " A (1")
iJ ,p,im,p,Jn

where ry,, (7,) represents m (n) site in ith (jth) unit cell with m (n)
being 1 or 2, and 7, im (7p,jn) denotes the distance between proton site
and vy, {rj,). Further, the 6,,, (6,;,) is defined as the angle between
the direction of electric spin at r;, (v;,) and that of proton spiu.

(B) An@

/ S —,
‘\\/‘ 1mlAn<q)1 \\\

/ RefAtg)] N

-2 -1
§ Cu o proton q

AQx10° A7)
o

i

(=4

2

FIGURE 4 (A) The positions of protons in the vicinity of Cu
ions in (CH3);CHNH3CuCly. (B) The g-dependencies of Aj(q),
Re[Af(¢)] and Im{A$(¢)] in (CHa)aCHNH3CuCly are shown by
the solid, dotted and dot-dashed curves, respectively. The unit of
gis w/(c+ )
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In actual calculation of A/ (¢) we have assumed the proton and cop-
per positions as shown in Figure 4(A) and the following distances are
used: Cu-Cu [short] =3.417 A, Cu-Cu [long] =3.506 A¥), and distance
between proton and Cu chain ~ 6.0 A. In Figure 4(B), g-dependencies
of Afi(q), Re[A{(¢)] and Im[A,(¢)] are shown by the solid. dotted and
dot-dashed curves, respectively. As seen from Figure 4(B) A} (g) and
[Re[A7; ()]} have large values around ¢=0 and 27, but they are small
around g=n. Further the magnitude of ln[Af,(¢)] is rather small com-
pared with those of Af(g) and Re[A3;,(g)], and it should be noted also
that A// {q) (m, n=1 or 2) have quite small magnitude for any value of
q. Considering all of these characteristic features of 4%, (q) we adopt
the following drastic approximation, namely we take into account ouly
Af;(g) and Re[Af(¢)] for ¢=0 and 27 and neglect all of other Al (q¢).
Then 1/7) is expressed simply as,

/Ty o T{Aj1(0)x{1 (0) + Re[A7(0)]Re[x{; (0)]
+AL 217 (27) + Re[AR(27)JRe[x s (2m)]}. (16)
From this equation we have calculated the temperature dependence of
1/Ty at H=3.5 T by using x{,"(¢) and Re[\{; (¢)] (¢=0. 27) obtained in

the previous section. The results are shown in Figure 5 by the full curve.
The obtained 1/T; agrees fairly well with the experimental resultl®!,

41 —— Pair-DCEFA
------- exp[-(A-gusH)/kgT)

O  experiment

5
T (K]

FIGURE 5 The temperature dependence of 1/T7  of
(CH;3),CHNH;CuCl; at H=3.5 T. The solid and dotted curves rep-
resent the results obtained by using Pair-DCEFA and by assuming
the activate energy type, respectively. The circles denote the ex-
perimental datal®l,
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CONCLUSION

By extending Pair-DCEFA to the case under maguetic fields we have
investigated the magnetic properties of S=1/2 AF-F alternating chains
under magnetic fields. We also studied the effects of interchain coupling
on the magnetic phase transition under maguetic fields by adopting the
combined method of Pair-DCEFA and MFA. Applying the combined
method to a pseudo-1D S=1/2 AF F chain (CHj),CHNH;CuCl; we
have evaluated the interchain exchange coupling as well as intrachain
exchange coupling. Finally, by using the susceptibilities calculated by
Pair-DCEFA we have succeeded to explain the observed temperature de-
pendence of nuclear spin-lattice relaxation time of (CHz),CHNH3CuCl;.
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