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High-field and high-frequency ESR study of the Haldane state formed in the ferromagnetic
and antiferromagnetic alternating Heisenberg chain system„CH3…2CHNH3CuCl3
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The compound (CH3)2CHNH3CuCl3 consists of ferromagnetic and antiferromagnetic alternating Heisen-
berg chains withS51/2. According to recent electron spin resonance~ESR! experiments at 24 GHz, a pair of

ferromagnetically coupled two spins, which is expressed asŜ[S11S2, behaves as a spin withŜ51 below 10
K, and therefore the magnetic ground state in this compound is the Haldane state. Then the dipole-dipole
interaction and the anisotropic-exchange interaction between ferromagnetically coupled two spins act as a
fictitious single-ion anisotropy, which removes the threefold degeneracy of the triplet state. To confirm the
energy scheme of the nondegenerate triplet state, high-field and high-frequency ESR experiments up to 20 T

and 540 GHz were performed on the single crystals. The absorption due to theŜz521↔Ŝz50 transition in
the triplet excited levels was observed below 330 GHz and 10 K. The sign and the value of the fictitious single
ion anisotropy were determined to beD* /gmB520.24 to20.48 T at 1.7 K. At 427.6 GHz and under an
external field near 15 T, where the field-induced gapless state is formed, the absorption line that was thought
to be antiferromagnetic resonance was observed at 1.7 K.

DOI: 10.1103/PhysRevB.63.144428 PACS number~s!: 76.30.2v, 76.50.1g, 75.45.1j, 33.35.1r
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I. INTRODUCTION

TheS51/2 compound (CH3)2CHNH3CuCl3 ~abbreviated
as IPACuCl3) has been found to be a ferromagnetic a
antiferromagnetic alternating Heisenberg chain syste1

Since a pair of ferromagnetically coupled two spins, wh
we express asŜ[S11S2, behaves as a spin withŜ51, this
compound is recognized as a good candidate of the Hald
system.2 As a piece of evidence of formation of the Halda
state, the existence of an energy gap between the sin
ground state and the triplet first excited state was confirm
by magnetic susceptibility1 and magnetization
measurements.3 In an external fieldH, the triplet splits and
the lowest component,Ŝz521, crosses the singlet at a ce
tain field,Hc . AboveH510 T, appearance of the magneti
long-range order was confirmed by specific heat meas
ments underH.4 The magnetic-phase-transition temperatu
TN versus the reduced magnetic fieldgH/2, reported in Ref.
4, is depicted as the line schematically drawn in Fig. 1.
can be seen in this figure, no phase transition occurs be
the critical fieldHc(0 K)510.1 T.

In a recent paper5 concerning electron paramagnetic res
nance~EPR! experiments performed on this compound at
GHz, the temperature (T) dependence of the EPR spect
was reported to exhibit phenomena that indicated a cross
of the spin state fromS51/2 toŜ51. That is, the EPR signa
observed above 10 K is due to theDSz561 transition be-
tweenSz511/2 andSz521/2, whereas below 10 K, two
signals that correspond to theDŜz561 transition between
Ŝz511 and Ŝz50, and betweenŜz50 and Ŝz521 were
observed. Moreover, an additional weak signal due to
DŜz562 transition betweenŜz511 andŜz521 was de-
tected at half of the averaged field of the two signals. The
fore, we called it a half-field line.
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The experimental result shown in Fig. 3~a! in Ref. 5,
which exhibits split two lines, indicates that the degenera
of the triplet atH50 is removed for the following reason.5

Since the dipole-dipole interactionHDD8 and the anisotropic-
exchange interaction HAE8 between ferromagnetically
coupled two spins act as a single-ion anisotropy,D* @Ŝz

2

2Ŝ(Ŝ11)/3#, such a fictitious single-ion anisotropy re
moves the threefold degeneracy of the triplet state, simila
the case of conventionalS51 compounds.6–14 From the an-
gular dependence of the resonance fieldH res at T54.2 K
shown in Fig. 7 in Ref. 5, the value ofuD* u was determined.
But the sign ofD* was impossible to determine from th
data obtained at 24 GHz.

To determine the sign ofD* and obtain further informa-
tion about the Haldane state in this compound, we perform

FIG. 1. Schematic drawing of the field-induced antiferr
magnetic-transition temperature versus the reduced magnetic
gH/2 obtained by specific-heat measurements in Ref. 4. The cri
field is Hc~0 K! 5 10.1 T. The three regions of the external fie
corresponding to the resonance frequencies, 216.4, 326.8, and
GHz are indicated as@I#, @II # and @III #, respectively. The lowes
temperature in the present experiments was 1.7 K.
©2001 The American Physical Society28-1
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electron spin resonances~ESR! measurements at frequenci
up to 540 GHz. Corresponding to the increase in the
quency, the external field was also increased up to 20
Among the many experimental data that we obtained in
present experiments, here we show absorption spectra
served at three frequencies, 216.4, 326.8, and 427.6 G
The three regions of the external fields that correspond
these three frequencies are roughly indicated in Fig. 1, as@I#,
@II # and @III #. Since the minimumT in the present experi
ments was 1.7 K, region@I# and region@II # are over the
paramagnetic state, whereas region@III # includes the antifer-
romagnetically ordered state as well as the paramagn
state. Qualitative and quantitative changes in ESR spe
from paramagnetic to antiferromagnetic are therefore
pected over region@III #.

II. EXPERIMENTAL RESULTS AND DISCUSSION

ESR experiments were performed on single crystals
several frequencies in the range of 77–540 GHz usin
millimeter vector network analyzer (AB millimeter, France!
and a superconducting magnet~Oxford Instruments, UK!.
An external fieldH was applied along the normals of th
three planes of the sample,A, B, andC plane, as named in
Ref. 1. The direction of the magnetic chains is nearly para
to the normal of theA plane. The absorption spectra we
examined at variousT in the range of 1.7–50 K.

Examples of the spectra observed at 216.4 GHz for
H'C-plane and 326.8 GHz for theH'B plane, i.e., over
region @I# and over region@II # are shown in Figs. 2~a! and
2~b!, respectively. As can be seen in these two figures, o
a single absorption line was observed. The half-field li
which was observed at 24 GHz, was not detected. The p
tion of the absorption line,H res, observed at 40, 30, and 2

FIG. 2. The ESR spectra observed~a! at 216.4 GHz forH'C
plane and~b! at 326.8 GHz forH'B plane. The abscissa is th
reduced magnetic field given bygH/2.
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K is almost the same in each case. But with further decre
ing T, it shifts to the higher-field side for theH'A plane as
well as for theH'C plane, whereas the single absorptio
line observed for theH'B plane was found to shift to the
lower-field side. Similar to the results observed at 24 GH
the linewidth seems to reach a maximum around 10 K. Thg
values for the three directions ofH determined below 330
GHz at 30 K were the same as those determined at 24 G5

The T dependence of the absorption intensity of the o
served lines at 216.4 and 326.8 GHz is shown in Figs. 3~a!
and 3~b!, respectively; the intensities in both cases tend
approach zero whenT approaches 0 K, which is quite simila
to that observed at 24 GHz.5

We now discuss the experimental results shown abo
The resemblance of the intensities of the split two lines
served at 24 GHz indicates that the populations of spins
the Ŝz521 level and theŜz50 level are comparable with
each other atH corresponding to 24 GHz. For resonan
frequencies above 200 GHz corresponding toH above 7 T,
however, the population of spins on theŜz521 level should
be extremely higher than that on theŜz50 level. The inten-
sity of the absorption line that corresponds to theŜz

50↔Ŝz511 transition is estimated to be less than 1023 of
the Ŝz521↔Ŝz50 transition, and therefore the absorptio
due to theŜz50↔Ŝz511 transition should be too weak t
detect. The decrease in absorption intensity, shown in Fig
is due to the decrease in the spin population on the tri
excited levels.

Referring to Eqs.~3.1! and ~3.2! in Ref. 5, we try to
determine the sign ofD* from the data shown in Figs. 2~a!
and 2~b!. When H//r where r is a vector of the distance
betweenS1 and S2, the resonance condition at a fixed fr
quencyv is

\v5E1,02E1,215gimBH res2D* , ~2.1!

wheregi is theg value forH//r. The observed shift ofH res to
the lower-field side for theH'B-plane (H//r) indicates
D* ,0, shown in Fig. 2~b!, because the decrease ingimBH res
must be compensated by2D* , which indicates that2D*
.0. Similarly, if uD* u!g'mBH res, the resonance condition
at a fixed frequencyv for H'r is simplified as

FIG. 3. The temperature dependence of the absorption inten
~a! at 216.4 GHz forH'C plane and~b! at 326.8 GHz forH'B
plane. Both results indicate the existence of the energy gap.
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\v5E1,02E1,215g'mBH res1D* /2, ~2.2!

whereg' is theg value forH'r (H'A andC plane!. Thus
the shift ofH res to the higher-field side, as can be seen in F
2~a!, must be compensated byD* /2, which indicatesD*
,0.

To confirm the shift ofH res from H res~30 K! at low T for
several resonance frequencies, the values
dH res(T)[H res~30 K!2H res(T) observed at 4.5 K and at 1.
K are shown in Figs. 4~a! and 4~b!, respectively. As can be
seen in Fig. 4~a!, dH res~4.5 K! does not change with fre
quency. Moreover,dH res~1.7 K! below the critical field
Hc~1.7 K! 5 13.1 T5 367 GHz, shown in Fig. 4~b!, seems
to be constant. This finding is reasonable becausedH resmust
be 2D* for H'B plane andD* /2 for H'A andC planes,
respectively, and thus it should be frequency independ
The disagreement ofdH res for H'A plane with that for
H'C plane is probably due to the difference in the fictitio
single-ion anisotropy between these two directions, wh
we neglected in the present analysis. From the data show
Fig. 4~b! below Hc , we obtain D* /gmB520.24 to
20.48 T at 1.7 K. SinceD* ,0 is clarified, the energy
schemes of the nondegenerate triplets for different direct
of H are like the ones shown in Figs. 10~b! and 10~c! in Ref.
5.

The absence of the half-field line in the present exp
ments is explained as follows. The three statesuŜ,Ŝz&
5u1,1&, u1,0& and u1,21& are not eigenstates because no
diagonal elements, which are caused byHDD8 and HAE8 be-
tween ferromagnetically coupled two spins, can not be
glected. Therefore, the transition betweenu1,1& and u1,21&,

FIG. 4. The shift of the resonance fieldH res from H res~30 K!;
dH res(T)[H res~30 K!2H res(T) for the absorption lines observe
~a! at 4.5 K and~b! at 1.7 K are plotted up to 540 GHz. Th
ordinate is the reduced field given bygH/2. The arrow shown in~b!
indicates the critical fieldHc~1.7 K! 5 13.1 T5 367 GHz, at which
the magnetic-phase transition from the paramagnetic state to
antiferromagnetic state occurs. The dashed lines show the fittin
dH res5const for the experimental data in the paramagnetic reg
14442
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i.e., the DŜz562 transition, becomes allowed. IfuD* u
!gmBH res, however, the non-diagonal elements are
garded as 0 compared with the Zeeman energy. As a re
the intensity of the half-field line becomes substantially ze
which is the reason for the absence of the half-field line
the spectra obtained at 77–330 GHz.

We next show and discuss the spectra observed at
quencies higher than 330 GHz. As indicated in Fig. 1, reg
@III # includes the field-induced long-range ordered state. T
resonance is therefore expected to change from paramag
to antiferromagnetic whenT becomes lower than about 2 K
The variation of the spectrum withT observed at 427.6 GHz
for H'B plane is shown in Fig. 5. Although the resul
above 4.5 K shown in Fig. 5 seem to be similar to those
Fig. 2~b!, the spectrum at 1.7 K for the frequency of 427
GHz is expected not to come from paramagnetic resona
by the following reasons.

If the antiferromagnetic-phase transition occurs,H res
aboveHc should shift from those obtained belowHc . The
frequency dependence ofdH res~4.5 K! shown in Fig. 4~a!
does not change up to 440 GHz, as mentioned earlier. On
other hand, as can be seen in Fig. 4~b!, dH res~1.7 K! above
Hc for the three directions ofH seem to deviate from thos
below Hc , although it is impossible to find a drastic chan

FIG. 6. The temperature dependence of the absorption inten
at 427.6 GHz forH'B plane. The intensity does not tend to a
proach zero with decreasing temperature, which indicates the t
sition from the paramagnetic state to the field-induced antife
magnetic state.
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FIG. 5. The EPR spectra observed at 427.6 GHz forH'B plane.
The asymmetric lineshape observed above 10 K is caused by
mixture of dispersion when using a transmitted light pipe. The
sorption observed at 1.7 K is probably due to antiferromagn
resonance.
8-3
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of dH res aboveHc from that belowHc because the scatterin
of dH res~1.7 K! is about60.05 T. This fact probably im-
plies that the antiferromagnetic-resonance line becomes c
to the paramagnetic one at high fields. Moreover, the con
mation of the paramagnetic-antiferromagnetic phase tra
tion is understood when we see theT dependence of the
absorption intensityI (T), shown in Fig. 6. WhenI (T) in
Fig. 6 is compared with those shown in Fig. 3, we find
clear difference. BothI (T) shown in Fig. 3 tend to approac
to zero when the temperature goes down to 0 K, whereas
I (T) at 427.6 GHz, shown in Fig. 6, increases at low te
peratures. This increase is probably due to the precur
phenomenon of the magnetic-phase transition induced by
external field.

In conclusion, ESR experiments performed at frequenc
and external fields up to 540 GHz and 20 T, respe
ively, detected the absorption signal corresponding to
Ŝz521↔Ŝz50 transition. From analysis of the shifts o
H res, D* /gmB520.24 to20.48 T is obtained at 1.7 K.

The half-field line, which was observed at 24 GHz, w
not detected because its absorption intensity was expect
ys

t-

,

.
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be too weak to detect at high fields as in the case of
present experiments. Moreover, no signals indicative of
transition from the singlet to the triplet were observed. T
is reasonable because the perturbation term such as
Dzyaloshinsky-Moriya antisymmetric exchange interactio
which allows the singlet↔ triplet transition, does not exis
in the case of this compound.
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