
PHYSICAL REVIEW B 1 DECEMBER 2000-IVOLUME 62, NUMBER 21
Crossover from SÄ1Õ2 to SÄ1 Haldane state in the ferromagnetic and antiferromagnetic
alternating Heisenberg chain system„CH3…2CHNH3CuCl3 observed with EPR at 24 GHz

H. Manaka* and I. Yamada
Department of Physics, Faculty of Science, Chiba University, Yayoi-cho, Inage-ku, Chiba 263-8522, Japan

~Received 29 March 2000; revised manuscript received 19 June 2000!

The compound (CH3)2CHNH3CuCl3, which consists of ferromagnetic-dominant ferromagnetic and antifer-
romagnetic alternating Heisenberg chains withS51/2, is regarded as a Haldane system withS51 at low
temperatures because a pair of ferromagnetically coupled spins behaves asS51. There should therefore be a
crossover of the spin state fromS51/2 to S51 when the temperature is decreased. With the expectation that
the crossover causes a drastic change in spin dynamics, electron paramagnetic resonance~EPR! experiments
were performed at 24 GHz on single crystals of this compound over the region of 1.4–295 K. The EPR spectra
observed below 10 K were found to show characteristics clearly distinct from those above 10 K. That is, a
single absorption line observed above 10 K was found to split into two lines below 10 K, and an additional
weak line appeared at a position corresponding to half of the averaged resonance fields of the two lines. The
resonance fields of the two lines vary with the direction of the external fieldH; their angular dependence is
a6b(123 cos2 u), wherea andb are constants, andu is the angle between the direction ofH and one of the
normals of the orthogonal crystal surfaces. The resonance field of the weak line that appeared at the half-field
position was almost constant with respect to the direction ofH. These experimental results observed below 10
K are explained when one considers that theS51 state caused by pairs of ferromagnetically coupled two spins
supersedes theS51/2 state of the individual spins. Then the dipole–dipole interaction (HDD8 ) and the aniso-
tropic exchange interaction (HAE8 ) between ferromagnetically coupled two spins act as a fictitious single ion
anisotropy, and remove the threefold degeneracy of the triplet state ofS51, i.e.,ES,Sz

5E1,1,E1,0, andE1,21.
As a result, theDSz561 transitions, i.e., the transitions betweenE1,21 andE1,0, and betweenE1,0 andE1,1

bring about two absorption lines. That is why the two lines appear below 10 K. The weak half-field line is due
to the DSz562 transition, which is also caused byHDD8 and HAE8 between ferromagnetically coupled two
spins because nondiagonal elements betweenu1,1& and u1,21& are not 0.
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I. INTRODUCTION

Ferromagnetic and antiferromagnetic~F–AF! alternating
Heisenberg chains withS51/2 can be regarded as Halda
systems withS51 ~Ref. 1! when the ferromagnetic ex
change interaction is much stronger than the antiferrom
netic one.2,3 That is, an energy gap between the sing
ground state and the triplet excited state is expected aT
50 K. In such a system, spins behave as 1/2 at highT where
no magnetic short-range order exists, whereas they are
pected to behave asS51 whenT decreases and spin corr
lations develop. How does spin dynamics~or spin relaxation
phenomena! change whenT decreases from the region ofS
51/2 to that ofS51? This question led us to perform ele
tron paramagnetic resonance~EPR! experiments on an idea
F–AF Heisenberg chain system.

The compound (CH3)2CHNH3CuCl3 ~abbreviated as
IPACuCl3) was recently found to be an ideal model of su
a F–AF system.4 The magnetic chain formed in this com
pound is shown in Fig. 1. Two Cu ions comprising a pair a
in the same plane and these pairs are piled up stepwise.
two Cu ions in each plane are bibridged via Cl1 and Cl18 ,
while those located in the adjacent planes are bibridged
Cl2 and Cl2* . So, there are two kinds of exchange intera
tions. Since each magnetic chain is separated by nonm
netic radicals such as (CH3)2CH and NH3, the magnetic one
dimensionality of this compound is excellent.
PRB 620163-1829/2000/62~21!/14279~8!/$15.00
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As reported in Ref. 4, for the three directions of an ext
nal field H parallel to the normals of the flat orthogon
surfaces of an as-grown single crystal, eachx(T) curve
shows a round peak around 24 K ([Tmax) and monotoni-
cally decreases to zero, as shown in Fig. 2. This indica
that, with decreasingT, spin correlations increase, and the

FIG. 1. Crystal structure of (CH3)2CHNH3CuCl3.
14 279 ©2000 The American Physical Society
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14 280 PRB 62H. MANAKA AND I. YAMADA
ferromagnetically coupled spin pairs that behave as s
with S51 are created belowTmax. As a result, the single
and the triplet energy levels are formed, and the popula
of spins on the singlet ground state increases whenT de-
creases to 0 K, which results in the decrease inx(T) to 0.

On the basis of thex(T) data, the alternated exchang
interactions were determined to beJF /k5154.1 K and
JAF /k5223.5 K,4 where the two exchange interactions a
defined in a Hamiltonian

H522JAF(
i 51

N/2

S2i•S2i 1122JF(
i 51

N/2

S2i•S2i 21 . ~1.1!

The energy gapD between the singlet and the triplet sta
was also estimated fromx(T) to be D/k.17.5 K513.0 T
for g52.00.4 To directly confirm the existence of the energ
gap in this compound, measurements of the magnetiza
process at lowT were also made, and a valueD, which was
consistent with that given above, was obtained.5 In H, the
triplet splits and the lowest component crosses the single
a certain field. Above that field, the interchain exchange
teraction, if it exists, would lead to the magnetic long-ran
order at a finite temperature. According to the specific h
measurements inH, the magnetic long-range order wa
found for H above about 10 T which corresponds toD.6

Considering the results of experiments and analy
roughly reviewed above, we thought that IPACuCl3 could be
a good candidate to clarify the answer to the question in
duced earlier, i.e., How does the spin dynamics change
decreasing temperature fromS51/2 to S51? Among sev-
eral experimental methods applied in an effort to elucid
the answer to this question, we first performed EPR exp
ments. We found that the characteristics of exchan
narrowed EPR line drastically changed around 10 K. Tha
the single absorption line split into two lines below 10
and a weak line appeared at a position corresponding to
of the averaged values of the two lines. These findin
strongly suggest a crossover from theS51/2 state to theS
51 state. After showing the experimental results in the n
section, we analyze them successively.

II. EXPERIMENTAL RESULTS

EPR measurements were performed on single crystals
ing a conventional 100 kHz field-modulated K-band sp

FIG. 2. The temperature dependence of the magnetic susc
bility x(T) observed atH5100 Oe. The direction of the externa
field is perpendicular to the three orthogonal surfaces of an
grown sample, A, B, and C, respectively.x(T) reaches its maxi-
mum at 24 K[ Tmax.
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trometer with a cavity of TE011 mode operated at 24 GHz
Since this compound undergoes a structural transition
50° C,4,7 and the F–AF alternation is not assured abo
50 °C, we restricted our measurements to temperatures
low room temperature. The cavity, with a mechanism
sample rotation around the vertical axis, was inserted i
liquid-He cryostat with electronic temperature control, whi
made it easy to obtain data on angular dependence and
perature dependence. Absorption spectra observed at va
temperatures over the temperature region of 1.4–295 K w
traced as derivative lines. Since no cleavage planes par
to the crystal axes were found, probably due to the tricli
crystal structure, an external fieldH was applied along the
normals of the three orthogonal surfaces of each as-gr
sample, A, B, and C, as named in Ref. 4. The direction
magnetic chains is nearly parallel to the normal of the
plane. To measure the angular dependence of the EPR
the direction ofH is rotated in the three planes, each
which involves two normals among the three of the A,
and C plane.

Figure 3~a! shows several examples of EPR spectra
served below 295 K forH' B plane. At 295 K, which is
high enough compared withJF /k and uJAFu/k, a single EPR
line appears. The line shapes forH' A, B, and C plane were
examined at 295 K, and were found to be Lorentzian for

ti-

s-

FIG. 3. ~a! The EPR spectra obtained at 24.5 GHz for vario
temperatures below 295 K. The direction of the external fieldH is
perpendicular to the B plane. Bold arrows indicate two lines appe
ing below about 10 K, and a thin arrow indicates the half-field lin
~b! The lower field part of~a! is shown on an expanded scale. Th
half-field line appearing below 10 K is shown.
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PRB 62 14 281CROSSOVER FROMS51/2 TO S51 HALDANE STATE . . .
three directions ofH. An example of the analysis of line
shape is shown in Fig. 4.

As can be seen in Fig. 3~a!, the single line persists dow
to 10 K with its width varying withT, whereas two lines
appear in the spectra obtained below 8.5 K, as indicated
two bold arrows. Moreover, a weak line is seen at a low
field in the spectra observed at 6.8, 5.1, and 4.2 K, as i
cated by a thin arrow. The variation of the weak line withT
is expanded in Fig. 3~b!. Since the resonance field of th
weak line is nearly half of the averaged fields of the tw
lines, we call it a half-field line. ForH'A and C plane, the
temperature dependence of the spectra was similar to
observed forH'B plane.

We now show the temperature dependence and the a
lar dependence of the respective factors of the observed
lines, such as the peak-to-peak derivative linewidthDHpp,
the resonance fieldH res and the absorption intensity. Th
value ofDHpp at 295 K varies from 300 to 500 Oe with th
change in direction ofH. Since the principal axes of th
crystal did not coincide with the normals of the three s
faces of the sample, the observed angular dependenc
DHpp was not simple, and no useful result was obtained fr
the analysis of it. We therefore omit showing it.

Figure 5~a! shows the changes inDHpp(T) obtained for
H' A, B, and C plane. For these three directions ofH,
DHpp(T) shows similar behavior in each instance; with d
creasingT, a gradual decrease inDHpp(T) is observed,
reaching a minimum at around 50 K, and thereafter the v
ues begin to increase and diverge around 10 K. The rat
increase is prominent below 24 K[Tmax at which x(T)
reaches its maximum, as can be seen in Fig. 5~b!, which is an
expansion of the lower temperature part of Fig. 5~a!. Below
10 K, DHpp(T) rapidly decreases with further decreasingT.

TheT dependence of the resonance fieldH resof the single
line observed above 10 K is shown in Fig. 6~a!. In this figure,
the value ofH res(T) –H res~295 K! is plotted as a function o
T. WhenT decreases from 295 K,H res for the three direc-
tions of H remains constant down to a temperature cor
sponding toTmax, and then the values begin to shift to th
lower or higher field side depending on the direction ofH
with further decreasingT to 10 K. Theg values determined
from H res at 295 K for H' A, B, and C plane aregA
52.11, gB52.06, andgC52.25, respectively.

The resonance fields of the two lines, that appear be
10 K, show remarkable shifts with decreasingT, as shown in

FIG. 4. Analysis of the line shape observed at 295 K forH' A
plane; this direction ofH is nearly along the magnetic chains. Th
solid straight line corresponds to a Lorentzian line shape.I 8 is the
height of the derivative line.
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Fig. 6~b!; the two lines shift oppositely irrespective of th
direction ofH. In contrast, the position of the half-field lin
is almost independent ofT, as shown also in Fig. 6~b!. With
respect to the angular dependence ofH res of the two lines
observed at 4.2 K, as shown in Fig. 7, theH resvalues well fit
the curves expressed by the equationa 6 b(123 cos2 u),
wherea andb are constants, andu is the angle between th
direction ofH and the normal of the B plane.

The T dependence of the absorption intensity at low te
peratures is given in Fig. 8. Since similar results were
tained forH' A, B, and C plane, only the result for' B
plane is shown. Below 10 K, the absorption intensity mea
the sum of the intensity of the two lines. As can be seen F
8, there is no anomaly around 10 K within the accuracy
this experiment and the intensity tends to approach zero w
decreasingT.

The angular variation of the half-field line observed at 4
K is shown in Fig. 9~a!. As can be seen in this figure, th
derivative peak-to-peak height rapidly decreases whenu ap-
proaches 0°, whereasDHpp is almost angular independen
The absorption intensity has consequently a strong ang
dependence, as shown in Fig. 9~b!. That is, the half-field line
disappears whenu50°, i.e., H' B plane, and its intensity
increases whenu approaches 90°.

III. ANALYSIS AND DISCUSSION

In spite of the absence of a magnetic long-range orde
finite temperatures underH lower than about 10T,6 the char-
acteristics of the EPR line observed at 24 GHz drastica

FIG. 5. ~a! The temperature dependence of the derivative pe
to-peak linewidthDHpp for an external field applied perpendicula
to the A, B, and C planes, respectively. At 295 K,DHpp5300
;500 Oe.~b! The lower temperature part of~a!. DHpp(T) for the
three directions ofH rapidly increases below 24 K[ Tmax at which
x(T) reaches its maximum, and the values seem to diverge aro
10 K. Below 10 K,DHpp(T) of one of the two lines, i.e., the on
that appears at a higher field, is plotted.DHpp(T) of the lower field
is similar to that of the higher field.
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14 282 PRB 62H. MANAKA AND I. YAMADA
change around 10 K, as demonstrated in the preceding
tion. That is,DHpp(T) shows a divergence andH res(T) shifts
from that at high temperatures whenT decreases to 10 K, a
if a magnetic phase transition occurs at 10 K. Moreov
instead of the single line observed above 10 K, two lin
appear below 10 K accompanied by an additional weak h
field line. As will be explained later, the anomalous behav
of the EPR line around 10 K is evidence of the crossove
the spin state fromS51/2 toS51. We therefore discuss th
experimental results obtained above 10 K separately f
those below 10 K.

FIG. 6. ~a! The temperature dependence of the resonance
H res(T) above 10 K. The values ofH res(T)2H res~295 K! are plot-
ted, whereH res~295 K! is the resonance field at 295 K. Theg values
determined fromH res at 295 K aregA52.11, gB52.06, andgC

52.25. ~b! The temperature dependence of the resonance field
the two lines and the half-field line.

FIG. 7. The angular dependence of the resonance fields o
two lines and the half-field line observed at 4.2 K. The resona
fields of the two lines are shown by closed triangles, while tha
the half-field line is shown by open circles. The resonance field
the two lines obey the relations expressed by the equationH res.a
6b(123 cos2 u), whereu is the angle between the direction ofH
and the normal of the B plane.
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A. Above 10 K; the SÄ1Õ2 state

At high temperatures that satisfyT @ JF /k, uJAFu/k, the
spins in this compound behave asS51/2 because the spin
correlation is absent or very weak. We first clarify perturb
tion terms that cause broadening of the EPR line of t
compound. According to the crystal symmetry reported
Refs. 4 and 7, a center of inversion exists between Cu
Cu8, and also between Cu and Cu* ~see Fig. 1!, indicating
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FIG. 8. The temperature dependence of the absorption inten
The closed circles above 10 K represent the intensity of the sin
line, whereas those below 10 K represent the sum of the intens
of the two lines. Since the data obtained for the three direction
H are similar, only the data forH' B plane are shown. We find no
anomaly around 10 K within the accuracy of the experiment. T
solid line is a theoretical curve obtained using Eqs.~3.4! and ~3.5!
with D* /g(0)mB522.2 kOe, HH510.7 kOe, HL56.3 kOe,
g(0)52.06, andD/k517.5 K.

FIG. 9. ~a! The angular dependence of the spectra of the h
field line observed at 4.2 K. The line seems to disappear wheu
approaches 0°.~b! The angular dependence of the absorption int
sity of the half-field line observed at 4.2 K. The values
I (u)/I (0°) areplotted, whereI (0°) is theintensity atu50°.
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the absence of an antisymmetric exchange interaction
tween the spins of these pairs of Cu. The valuesDHpp
. 300–500 Oe observed at 295 K are explained when
magnetic dipole–dipole interaction,HDD8 , and the aniso-

tropic exchange interaction,HAE8 5( iSi•Ã i i 11•Si 11, are
considered as perturbation terms that cause line broade
To estimate the linewidthDH, the exchange-narrowing for
mula DH . \2M2 /gmBuJu was used, whereM2 is the sec-
ond moment of the respective perturbation terms. The sec
moment due toHAE8 was calculated using a convention

approximate relationuÃ i i 11u[uAu.u(Dg/g)2Ju ~where Dg
5g22).

In an ideal one-dimensional Heisenberg antiferromag
~1DHAF!, divergent behavior of aDHpp(T) and a shift of
H res(T) over the short-range ordering region are expec
when HDD8 and HAE8 are origins of line broadening. More
over, a diffusion process in the spin relaxation is expecte
cause a non-Lorentzian line shape at high temperatures.
expectations forDHpp(T) and H res(T) are satisfied; as
shown in Figs. 5~a!, 5~b!, and 6~a!, DHpp(T) surely increases
and H res(T) shifts whenT approaches 10 K, i.e., when th
short-range order develops. The gradual decrease
DHpp(T) with decreasing temperature observed above 5
is commonly seen in low-dimensional Cu21 antiferromag-
nets in whichHDD8 1HAE8 causes line broadening. To expla
such a decrease inDHpp(T) over the temperature regio
where the short-range order is absent or very weak , we m
take spin-phonon couplings into account, but this is no
subject of interest here.

Another experimental result, i.e., the observed Lorentz
line shape, is against the expectation for an ideal 1DH
Considering the established fact that a XY-like anisotro
does not violate the spin diffusion effect, whereas an Isi
type anisotropy, however weak it may be, destroys the ef
of the diffusion process, we think thatHDD8 1HAE8 in this
compound probably produces an Ising-type anisotropy fi
because the spin arrangement in this compound is unlike
cause an XY-like anisotropy field. The Ising-type anisotro
wipes out the diffusion process, and this results in
Lorentzian line shape. As we have explained, the pertu
tion terms that cause the line broadening in the cause of
compound areHDD8 1HAE8 . The absence of an antisymmetr
exchange interaction is important when the EPR data
tained at high frequencies and at high magnetic fields
analyzed, and this will be reported elsewhere.8

B. Below 10 K; formation of the Haldane state withSÄ1

Development of the magnetic short-range order in t
compound means increasing numbers of pairs of ferrom
netically coupled spins. Each pair of spins is regarded a
spin withS51. As a result, the singlet–triplet energy gapD
is created. WhenT ! D/k, most of the spins occupy th
singlet ground state, but the probability of occupation of
triplet state increases with increasing temperature. WhenH is
applied, the threefold degeneracy of the triplet state is
moved, and EPR absorption lines that correspond to the t
sitions of DSz561 among the three levels of the triple
state, i.e.,Sz51,0,21, are expected. The expected EP
lines, if they are observed, will decrease in intensity w
e-
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decreasingT because the population of spins in the trip
state decreases whenT approaches 0 K.

In the energy scheme in which the triplet state is deg
erated atH50, the two lines cannot be expected, as sho
in Fig. 10~a!. The appearance of the two lines below 10
indicates that the threefold degeneracy of the triplet stat
H50 is removed for some reason. In magnetic compou
with S51 such as NENP which is a representative Halda
system with Ni21 ions, a single ion anisotropyDSz

2 removes
the threefold degeneracy atH50. To confirm the energy
scheme of the nondegenerate triplet state in NENP, sev
experimental9–12 and theoretical13–15 investigations of ESR
were reported.

In the cause of IPACuCl3, however, a single ion anisot
ropy term is absent becauseS51/2. From the analyses of th
crystal symmetry and the EPR lines observed above 10 K
IPACuCl3, as mentioned earlier, an antisymmetric exchan
interaction is absent. Moreover, if this interaction exists,
forbidden transition from the singlet state to the triplet st
will be allowed. The absorption line corresponding to th
transition, however, was not detected in ESR experime
performed at frequencies over 77–540 GHz underH up to 20
T.8 Therefore, the interactions that act as anisotropy te
are HDD8 and HAE8 between the ferromagnetically couple
two spins.

We thought thatHDD8 1HAE8 should fill the role of a single
ion anisotropy term over the temperature region where
romagnetically coupled spins behave as a spin withS51 and
then form the Haldane state. Hereafter, a pair of spins

expressed asŜ[ S11S2. The anisotropy termsHDD8 and
HAE8 betweenS1 and S2 whereS51/2 serve as a substitut

for a single ion anisotropyD* @Ŝz
22Ŝ(Ŝ11)/3# with Ŝ51,

as explained in the Appendix, where it is shown thatHDD8
andHAE8 determined between ferromagnetically coupled t
spins can both be treated similarly. As a result, the ene
levels of the Zeeman interactiongmBŜ•H for Ŝz511,0,
21 are modified byHDD8 and HAE8 between ferromagneti
cally coupled two spins. If the Zeeman energy is much str
ger than that ofHDD8 1HAE8 , the effects of the nondiagona
elements shown in Table II can be neglected when we
cuss the energy levels of theŜ51 and Ŝ50 states. There-
fore, these energy levels are expressed as

FIG. 10. The energy schemes of the triplet state~a! with three-
fold degeneracy,~b! assumingD* ,0 for u50°, and~c! for 90°.
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E1,15D1g~u!mBH2
D*

6
~123 cos2 u!,

E1,05D1
D*

3
~123 cos2 u!,

~3.1!

E1,215D2g~u!mBH2
D*

6
~123 cos2 u!,

E0,050,

whereEl ,m is the energy of theuŜ5 l ,Ŝz5m& state and the
anisotropy field isD* [23g2mB

2/(2r 3)23A/2, as explained
in detail in the Appendix. As Eq. (3.1) indicates, the thre
fold degeneracy atH50 is removed by D* @Ŝz

22Ŝ(Ŝ

11)/3#. The energies that correspond to theDŜz561 tran-
sitions between the energy levels of the triplet state are

E1,12E1,05g~u!mBH2
D*

2
~123 cos2 u!,

~3.2!

E1,02E1,215g~u!mBH1
D*

2
~123 cos2 u!.

On the basis of the assumptionD* ,0, the energy scheme
at u50° and 90° given by Eq. (3.1) are shown in Fig
10~b! and 10~c!, respectively. Recently,D* ,0 has been de
termined from ESR measurements at high frequencies u
540 GHz.8 To obtain Eqs. (3.1) and (3.2),Ŝ51 and Ŝz

51,0,21 are used inD* @Ŝz
22Ŝ(Ŝ11)/3#. The gradual shift

of H res of the two lines to the opposite sides with decreas
temperature, as shown in Fig. 6~b!, is due to growth of the
D* @Ŝz

22Ŝ(Ŝ11)/3# term with decreasing temperature b
low 10 K.

The angular dependence ofH res of the two lines observed
at 4.2 K, as shown in Fig. 7, well fits the curvesH res. a
6 b(123 cos2 u). This angular dependence coincides w
Eq. (3.2). From the coincidence between the experime
results and the theoretical curves, one finds thatu50°
corresponds toH' B plane, whereu is the angle between
H and the bonding line of the two spins. Fitting Eq. (3.
to the experimental results shown in Fig. 7, we obt
uD* u/gmB.2.2 kOe at 4.2 K. This value roughly agree
with the calculated one D* [23g2mB

2/(2r 3)23A/2,
i.e., 23g2mB

2/(2r 3)520.7 kOe and 23uAu/2.
23u(Dg/g)2JFu/2522.6 kOe, where r 53.5 Å and g
52.14 is the averaged value ofgA , gB , and gC. Conse-
quently, the anisotropy fieldD* can be explained byHDD8
1HAE8 , though the sign ofA is uncertain.

As can be seen in Table II, the threeu1,1&, u1,0&, and
u1,21& states are not eigenstates because the nondiag
elements are not 0. Hence, the transitions betweenu1,1& and
u1,21&, i.e., theDŜz562 transition, becomes allowed, an
the transition yields an absorption line at a frequency t
corresponds to

E1,12E1,2152g~u!mBH. ~3.3!

That is the reason for the appearance of the half-field l
The observed weak angular dependence of the reson
-

.

to

g

al

nal
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field of the half-field line is due to the change in theg value
with u, i.e., g(u). At extremely high fields, the nondiagona
elements shown in Table II are regarded as 0 compared
the Zeeman energy, so the half-field line disappears, as
have already confirmed by EPR experiments above 77 GH8

The origin of the two lines as well as the half-field lin
has been clarified, as explained above. The absorption in
sity of each of the two lines monotonically decreases, as
be seen Fig. 8. Moreover, the intensity of the half-field li
depends on the direction ofH, as shown in Fig. 9~b!. We
now discuss why such phenomena occur. TheDHpp of the
two lines decreases with decreasingT because the therma
fluctuation of spins becomes weak.

The temperature dependence of the absorption inten
which corresponds to theDSz561 transition observed in
NENP was well explained by examining the population
spins in the triplet state.11 Following the method displayed in
Ref. 11, we calculate the temperature dependence of the
sorption intensity in IPACuCl3. The sum of the absorption
intensities of the two lines is estimated on the basis of
energy scheme given by Eq. (3.1). Whenu50°, the energy
levels given by Eq. (3.1) are re-expressed as

e35D1g~0!mBHH1
D*

3
,

e25D2
2D*

3
,

~3.4!

e15D2g~0!mBHL1
D*

3
,

e050,

whereHH and HL are the resonance fields of the two lin
that appear at higher and lower fields, respectively. The s
of absorption intensitiesI of the two lines that correspond t
e12e2 ande22e3 are given by

I}
~e2e1 /kT2e2e2 /kT!1~e2e2 /kT2e2e3 /kT!

(
i 50

3

e2e i /kT

. ~3.5!

Applying D* /g(0)mB522.2 kOe, HH510.7 kOe, HL
56.3 kOe, g(0)52.06, andD/k517.5 K, we obtain the
curve shown in Fig. 8 by a solid line. In the calculation, t
T dependence ofD* is neglected becauseuD* u ! D. As can
be seen in Fig. 8, the calculated curve and the experime
results do not coincide. At present, we have no idea how
explain the disagreement between the experimental re
and the calculated result.

The angular dependence of the absorption intensity of
half-field line is next discussed. As can be seen in Figs. 9~a!
and 9~b!, the half-field line disappears atu50°, and its in-
tensity increases whenu approaches 90°. Since the half-fie
line is due to the transition betweenu1,21& and u1,1&, its
intensity is closely correlated with the matrix element^1,
21uHDD8 1HAE8 u1,1& } sin2 u, given in Table II. Conse-
quently, the absorption intensity should be 0 atu50° and
should increase whenu increases to 90°, which agrees qua
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TABLE I. The energy matrix of two spins withS51/2 for the dipole–dipole interaction and the anis
tropic exchange interaction. The coefficients in the table areC05g2mB

2/(4r 3)1A/4, C15g2mB
2e2 if/(4r 3)

1A/4, C215g2mB
2e1 if/(4r 3)1A/4, C25g2mB

2e22if/(4r 3)1A/4, and C225g2mB
2e12if/(4r 3)1A/4,

respectively.

^S1 ,S1
zu^S2

z ,S2
zu u1/2,1/2& u1/2,1/2& u1/2,21/2& u1/2,21/2&

3uS1 ,S1
z&uS2 ,S2

z& 3u1/2,1/2& 3u1/2,21/2& 3u1/2,1/2& 3u1/2,21/2&

^1/2,1/2u^1/2,1/2u C0(123 cos2 u) 23C1 sinu cosu 23C1 sinu cosu 23C2 sin2 u

^1/2,1/2u^1/2,21/2u 23C21 sinu cosu 2C0(123 cos2 u) 2C0(123 cos2 u) 3C1 sinu cosu

^1/2,21/2u^1/2,1/2u 23C21 sinu cosu 2C0(123 cos2 u) 2C0(123 cos2 u) 3C1 sinu cosu

^1/2,21/2u^1/2,21/2u 23C22 sin2 u 3C21 sinu cosu 3C21 sinu cosu C0(123 cos2 u)
in
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tatively with the experimental results. The difference in
tensities betweenH' A plane andH' C plane, both of
which correspond tou590°, is a result of the rough trea
ment of the tensorÃ i i 11 in HAE8 . That is, the assumption

Ã12[(A,A,22A) is not adequate for IPACuCl3 because the
spin arrangement of this compound is not tetragonal,
therefore discussion of Fig. 9~b! in quantitative terms is hard

IV. CONCLUSION

The drastic change in the EPR spectrum of IPACuC3
around 10 K was found to be attributable to the crosso
from the S51/2 state to the Haldane state withS51. The
dipole–dipole interaction and the anisotropic exchange in
action between ferromagnetically coupled two spins act a
fictitious single ion anisotropy. The fictitious single ion a
isotropy removes the threefold degeneracy of the triplet s
at H50, and consequently yields the two absorption lin
that are observed below 10 K.

As can be seen in Table II, the matrix elements betw
the ^0,0u state and the threeu1,1&, u1,0&, and u1,21& states
are 0. Thus an absorption line that corresponds to the tra
tion from the singlet state to the triplet state cannot be
pected. From the high frequency ESR experiments,8 we con-
firmed the absence of such a forbidden line. These res
will be reported elsewhere.
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APPENDIX

At low temperatures, ferromagnetically coupled two sp
in IPACuCl3 , S1 andS2, with S15S251/2, turn into a spin
Ŝ([S11S2) with Ŝ51. We explain the formation of the
fictitious single ion anisotropyD* @Ŝz

22Ŝ(Ŝ11)/3# of a spin

Ŝ from the dipole–dipole interaction and the anisotropic e
change interaction betweenS1 and S2. The Hamiltonian of
the dipole–dipole interactionHDD8 and the anisotropic ex
change interactionHAE8 for the two spinsS1 andS2 are given
by

HDD8 5
g2mB

2

r 3 FS1•S22
3~S1•r !~S2•r !

r 2 G , ~A1!

HAE5S1•Ã12•S2 . ~A2!

To simplify the discussion, we tentatively assume a tetra
nal crystal structure and then the tensorÃ12 consists of the
diagonal part, i.e., Ã125(A12

XX ,A12
YY,A12

ZZ)[(A,A,22A),
where the coordinates@X,Y,Z# are fixed on the assume
tetragonal axes. Equations~A1! and ~A2! are combined into
one and are expressed on a coordinate system@x,y,z#, where
H//z axis as

HDD8 1HAE8 5G01G11G211G21G22 , ~A3!

in which

G05S1
zS2

z~G1A!~123 cos2 u!2 1
4 ~S1

1S2
21S1

2S2
1!~G1A!

3~123 cos2 u!,

G152 3
2 ~S1

1S2
z1S1

zS2
1!~Ge2 if1A!sinu cosu,

G2152 3
2 ~S1

2S2
z1S1

zS2
2!~Ge1 if1A!sinu cosu,
TABLE II. The energy matrix in the case whereŜ51. The coefficientsC0 , C1 , C21 , C2, andC22 are
the same as given in Table I.

^Ŝ,ŜzuŜ,Ŝz& u1,1& u1,0& u1,21& u0,0&

^1,1u C0(123 cos2 u) 23A2C1 sinu cosu 23C2 sin2 u 0

^1,0u 23A2C21 sinu cosu 22C0(123 cos2 u) 3C1A2 sinu cosu 0

^1,21u 23C22 sin2 u 3A2C21 sinu cosu C0(123 cos2 u) 0

^0,0u 0 0 0 0
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G252 3
4 S1

1S2
1~Ge22if1A!sin2 u,

G2252 3
4 S1

2S2
2~Ge12if1A!sin2 u,

where G [ g2mB
2/r 3, while u is the polar angle andf is

the azimuthal angle ofr with respect to the direction ofH.
The energy matrix of the two spins withS51/2 is given in
Table I.

The singlet and the triplet state ofŜ are expressed a
linear combinations ofuS1 ,S1

z& and uS2 ,S2
z&. They are

uŜ,Ŝz&:uS1 ,S1
z&uS2 ,S2

z&,
u1,1&:u1/2,1/2&u1/2,1/2&,

u1,0&:
1

A2
~ u1/2,1/2&u1/2,21/2&1u1/2,21/2&u1/2,1/2&),

u1,21&:u1/2,21/2&u1/2,21/2&, ~A4!

u0,0&:
1

A2
~ u1/2,1/2&u1/2,21/2&2u1/2,21/2&u1/2,1/2&).

Consequently, the energy matrix ofŜ51 can be calculated
using the result given in Table I, and is shown in Table I
,

s.
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