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ESR Study of the Opening and Closing of the Field-Induced Gap in NCuCls
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ESR measurements in the double-chain compoundQui€k, which has magnetization plateaus at
one-quarter and three-quarters of the saturation magnetization, have been performed in magnetic fields
up to 30 T in the frequency range95—-762 GHz. It is found that the frequency versus field diagrams
for H || a and H || b coincide when normalized by the factors. In each plateau region, a pair of
excitations expressed as = y(H — H,.) and o = y(H,. — H) are observed, wher#,. and Hy,
are the lower and higher edge fields of the plateau, respectively. These two modes correspond to the
quantum gap in the lower- and higher-field halves in the plateau region. [S0031-9007(98)08295-7]

PACS numbers: 75.30.Cr, 76.30.—v

Recently, the plateau of the magnetization curve in a axis. From the chemical point of view, the present
guantum spin system has been attracting considerabiystem seems to be described asSas % Heisenberg
attention. The magnetization plateau is predicted atlouble-spin chain system.
one-third of the saturation magnetizatidfy in a spin—é In NH4CuCk, two plateaus are clearly observed at
Heisenberg chain with ferromagnetic-ferromagnetic-(%)Ms and(%)Ms. It was confirmed that the magnetization
antiferrlomagnetic interactions [1,2] and at half @ in curves forH || a andH || » coincide when normalized by
a spins antiferromagnetic alternating Heisenberg chainthe g factor, and that the plateaus appear in every exter-
with the next-nearest-neighbor interactions [3,4] and anal field direction. Therefore, the origin of the plateaus is
spin-1 antiferromagnetic alternating Heisenberg chairattributed not to the magnetic anisotropy, but to the quan-
[5,6]. The plateau results from the quantum gap whichtum effect. Inthe Heisenberg spin system, the presence of
opens between the ground state and the lowest excited stalee magnetization plateau is equivalent to the presence of
in the appropriate magnetic field range. Since the magnehe excitation gap. Thus, it is evident that the ground state
tization plateau appears irrespective of the magnetic fielts gapped in the plateau region in NEUCEL. Since the
direction, the plateaus in these systems are different froralope of the magnetization curve near zero field is finite
those observed in the metamagnetic systems. Recentlgyen at 0.5 K, it was concluded that NEUCKL has a
Oshikawa et al.[7] demonstrated that the magnetiza- gapless magnetic ground state at zero field in contrast to
tion curves of general quantum spin chains with axialisostructural KCuGl and TICuC} which have a singlet
symmetry can have plateaus, and that the magnetizatigground state with an excitation gap [12—15]. It is consid-
is quantized at the plateaus a§S — m) = an integer, ered that the magnetic ground state at zero field is due to
wheren is the period of the ground spin statg,is the the interchain interactions. Recently, Kolezhuk presented
magnitude of spin, and: is the magnetization per site a theory [16] which describes the magnetization plateaus
in the unit of gug. The excitation gap responsible for observed in NHCuCk in terms of the weakly coupled
the plateau can exist only when this condition is satisfieddimer model on a three-dimensional lattice.

All of the above-mentioned plateaus satisfy this quan- ESR is a powerful method to investigate the magnetic
tization condition. Experimentally, the magnetization excitation with the high sensitivity and high energy
plateau has been observed(éllMS in anS = 1 antifer-  resolution. The ESR measurements have been performed
romagnetic alternating chain systefNi,(methykbis(3-  in many quantum spin systems with the zero-field gaps,
aminopropylaming,(u-0x) (u-N3)]ClO4 - 0.5H,0 [8]. such as the Haldane chains NENP and NINO [17-20]

In our previous paper [9], we have reported thatand the spin-Peierls system CuGe(21,22], and the
the magnetization curve of N)@uCk has two plateaus transitions between the singlet ground state and the lowest
at one-quarter and three-quarters Mf. NH,CuCk is excited triplet have been observed. However, there is
isostructural with KCuGl at room temperature [10,11]. no experimental study on the magnetic excitations in the
The feature of the crystal structure is the double chain ofystem in which gapless and gapped ground states appear
edge-sharing Cugloctahedra along the crystallographic alternately as the external field is increased. 4SHCkK
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shows the first example of such behavior. In order to (a) b ' l I
investigate the magnetic excitation of MEUCEL and the 762 GHz
nature of the field-induced excitation gap, we carried out jod
the high-field ESR measurement using single crystals. In M
this paper, we report the results of this study. '

Single crystals of NEHCuCkL were prepared by the * 584 GHz 4

method described in Ref. [9]. The ESR measurement
was performed at the Institute for Materials Research,
Tohoku University, using a multilayer pulse magnet
which produces magnetic fields up to 30 T. Far infrared
lasers ¢323-762 GHz), backward traveling wave tubes
(~200-240 and ~330-380 GHz), and Gunn oscillators
(~95-190 GHz) were used as light sources. The Faraday
configuration was taken in the present measurement. The
transmitted light power was detected by a InSb detector. |
Most of the ESR data were collected at 1.6 K, where the

magnetization plateaus are clearly seen. The magnetic /'l\/&*
field was applied parallel to the and b axes. These
crystallographic axes can be easily determined from the

404 GHz

324 GHz

241 GHz

Transmitted Power (a. u.)

190 GHz

NH,CuCl,

crystal shape [9]. H//a, T=1.6 K
Figure 1 shows the ESR absorption spectra observed r | L ! !

at 1.6 K for H || a and H || . The resonance fields Y 5 10 15 20 25 30

are indicated by arrows. As intrinsic ESR signals, we Magnetic Field (T)

Transmitted Power (a. u.)

NH,CuCl,
H//b, T=1.6 K

took absorption signals observed at the same positions
for both increasing and decreasing external fields. A (b) '
strong ESR signal, the resonance condition of which is
described byw = yH with a gyromagnetic ratioy, and V
several weak signals are observed. We label the strong
ESR mode as the, mode. The structure around thg T%—”m’/v‘ f
mode may be due to the Walker mode. Thg mode is ' '
always observed down to 1.6 K and shows no decreas-
ing tendency with decreasing temperature. The inten- : W
sity of the additional weak ESR signals decreases with } { \
increasing temperature. The signals are barely detected ) 404 GHz
at4.2 K.

In Fig. 2, we summarize the resonance positions ob- ; {
tained at 1.6 K. We labeled the observed ESR modes 370 GHz ;
as shown in the figure. The critical fields afg, = /—’—mz
47T, Hp, =133T, Hs3 =177 T, Hq = 254 T, and ‘
Hy =29.1 TforH || aandH.; = 5.1 T, H, = 142 T, ' Y 4
Hi3=191T, Hy =274 T, andH, = 30.5 T for H || }
b which are determined from the magnetization data at 135 GHz
1.5 K. The magnetization plateaus exist in the field
rangesH.; < H < H,, andH.3; < H < Hy.

Next we discuss our present results. From Fig. 2, we . . |
no:jice t|r|1at trrlle freqhuency versus field qli_ﬁgramsHoH t;] 0 5 10 15 20 25 30
and H || » have the same pattern. en using the -
factors,g, = 2.17 and g, = 2.06 which are determined Magnetic Field (T)
from the slope of thew, mode, we normalize the FIG.1. ESR signals of NFCuCk observed at 1.6 K for
resonance fields as shown in Fig. 3. From Fig. 3, we® H Il a and (b)H || 5.
see that the frequency versus field diagrams for both the
field directions coincide when normalized by théactor, so small that their contribution to the energy levels is
i.e., the resonance condition in NEUCk is essentially negligible.
independent of the external field direction. This indicates The intensity of thew, mode is strong, irrespective of
that the magnetic anisotropy or the staggered magnetihe resonance field and temperature. The mode is
field due to the staggered modulation of thdactor is  assigned to the paramagnetic resonance mode or to the
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FIG. 2. Frequency versus field diagrams of JGdCk ob-
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tained at 1.6 K for (a || a and (b)H || b.

consistent with the gapless magnetic ground state at zero
field.

In each plateau region, a pair of weak ESR modes
exists, i.e., thew; and w, modes for the first plateau,
and thew; and w4, modes for the second plateau. Their
resonance conditions are described as = y(H —

H.), wy = y(He, — H), w3 = y(H — Hc3), andwy =
v(H.4 — H). Itis noted that thavw; and w, modes are
observed only in the first plateau region, while thgand

w4 Modes are observed even outside the second plateau
region. Besides th@; ~ w4 modes, there is a weals
mode. This mode is observed far > H_s.

In ESR, the excitation is restricted to the excitation at
0 = 0 and the transition foAMs = *=1,0 between two
states with the same total sgfins allowed, wheré/y is the
magnetic quantum number. The transition between two
states with differen§ values and different wave vectors is
forbidden in principle. However, theS = =1 transitions
between the singlet ground state(at= 0 and the lowest
excited triplet atD # 0 have been observed in many spin
gap systems, such as the Haldane chains NENP and NINO
[17-20], the spin-Peierls system CuGg@1,22], and also
in KCuClk and TICuC} [23,24]. The transitions have
been interpreted in terms of the additional interaction such
as the staggered Zeeman interaction due to the staggered
inclination of the principal axis of thg tensor [25] and
the Dzyaloshinsky-Moriya interaction [22—-24], both of
which are antisymmetric with respect to the interchange
of the interacting spins. These interactions have matrix
elements between the singlet ground state and the lowest
excited triplet, so that the ground state has a small amount
of triplet component, and that the small excited sate with

collective mode such as the antiferromagnetic resonandbe same energy level as that for the lowest excited triplet
(AFMR) mode. Even if the magnetic ordering exists atis produced ap = 0. Consequently, the ESR transition
1.6 K under the presence of magnetic fields, one of théor AS = =1 and Q = 0— Q # 0 can be observed,
AFMR modes can be written a® = yH, because the although its intensity is weak.

magnetic anisotropy is very small in the present system. In NH4,CuCk, the AFMR modes should be represented

The presence of the strong, mode for H < H.; is
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FIG. 3. Frequency versus field diagram of NEUCEL normal-

ized by theg factors.

(9/2) H (T)

asw = yH and w = 0, because the anisotropy is very
small. Therefore, the weak ESR modes (~ ws modes)
cannot be interpreted in terms of the AFMR modes. The
w4 and wgy, modes with the zero-field frequency of
710 GHz are typical of the transitions faMs = =1 and

AS = 1. We assign all the weak ESR modes to the transi-
tionsforAMg = *1andAS = *1. We consider that the
weak ESR modes can be observed due to the same mecha-
nism as mentioned above. If the staggered Zeeman in-
teraction is responsible for these transitions, their intensity
should increase with increasing resonance field. However,
such behavior is not observed in the present system. We
suggest that the Dzyaloshinsky-Moriya interaction which
can exist between the neighboring “Cuions along the
double chain enables these weak ESR excitations.

In each plateau region, we can see a pair of ESR modes
(w1, w2) and (w3, w41). Their resonance conditions can
be expressed as = y(H — Hi.) andw = y(Hy. — H)
with the lower and higher edge fieldd,. and Hi..

1283



VOLUME 82, NUMBER 6 PHYSICAL REVIEW LETTERS 8 EBRUARY 1999

We conclude that these modes correspond to the lowesf4] K. Totsuka, Phys. Rev. B7, 3454 (1998).

excitations from the gapped ground state, because theif5] T. Tonegawa, T. Nakao, and M. Kaburagi, J. Phys. Soc.
resonance frequencies become zero just at the edge fields. Jpn.65, 3317 (1996).

The w; and w3 modes indicate that the excitation gaps [6] K. Totsuka, Phys. Lett. 228 103 (1997).

start to open at the lower edge fieltfs; and H.s, while [7] M. Oshikawa, M. Yamanaka, and |. Affleck, Phys. Rev.
the w, and w4 modes indicate that the excitation gaps (8] \L(et't\i;r% n%i%'\;' (I%IngiYV)v.ara R. Sato. K. Kindo. H. Nakano
glfoiﬁeatptlg(teegg,h?rr}eedg:pﬁea:ﬁiiznzn?hzﬂrﬁgirﬁ?&éint:er and M. Takahashi, Physica (Amsterdar@$6B 509

b < : (1998).
gus(Hne — Hic)/2, which is estimated as\max/kp = [9] W. Shiramura, K. Takatsu, B. Kurniawan, H. Tanaka,
5.7 and 5.0 K for the first and the second plateaus, H. Uekusa, Y. Ohashi, K. Takizawa, H. Mitamura, and
respectively. At present, the meaning of the weaak T. Goto, J. Phys. Soc. Jp67, 1548 (1998).
mode is not known. [10] R.D. Willett, C. Dwiggins, R.F. Kruh, and R.E. Rundle,

In conclusion, we have presented the results of the J. Chem. Phys38, 2429 (1963). _
high-field ESR measurements of NEUCk which shows [11] G. O’Bannon and R.D. Willett, Inorg. Chim. Act&3,
the first example of the successive gapless-gapped phase L131 (1981). _
transitions in magnetic fields. A strong ESR modg) 12 JH-PEZaE%c lg'prggkf;j‘g (l/\slaéghwamura, and T. Ono,
expressed b = yH, and several weak modes are ' ' ‘ y :
obgerved Tyﬁ)ep pre)s/ence of the, mode at low fields [13] K. Takatsu, W. Shiramura, and H. Tanaka, J. Phys. Soc.
. - . . Jpn.66, 1611 (1997).
is consistent with the gapless ground state at zero flelq14] b ( )

- > W. Shiramura, K. Takatsu, H. Tanaka, K. Kamishima,
It is found that the resonance conditions as well as ~ \ Takahashi, H. Mitamura, and T. Goto, J. Phys. Soc.

the magnetization curves fd@f || « and H || b coincide Jpn.66, 1900 (1997).
when normalized by the factor. This indicates that [15] T. Kato, K. Takatsu, H. Tanaka, W. Shiramura, M. Mori,
the magnetic properties of NGuCk are isotropic both K. Nakajima, and K. Kakurai, J. Phys. Soc. J@i, 752

statically and dynamically. In the magnetization plateau (1998). .

region, there exists a pair of ESR modes expressed a6] A.K. Kolezhuk, e-print cond-mat/9806292.

w = y(H — H,) andw = y(Hy. — H) with the lower [17] W. Lu, J. Tuchendler, M. von Ortenberg, and J. P. Renard,
and higher edge field$/i. and Hy.. These findings Eth-BRev- |LeTH?/|7’ 37,ﬁ6|(1§9l,1)- 1P, Bouch .
indicate that the quantum gap starts to open at th&8l L-C. Brunel, T.M. Brill, I. Zaliznyak, J. P. Boucher, an

. J.P. Renard, Phys. Rev. Le®9, 1699 (1992).
lower edge field of the plateau and closes completel){lg] M. Seiling, W. Palme, and B. Liithi, Z. Phys. 8, 297

at the higher edge field. The gap is describedAas: (1995).

gus(H — Hie) for Hie < H < (H\c + Hpc)/2andA = [20] M. Hagiwara and K. Katsumata, Phys. Rev58 14319
guB(Hne — H) for (Hie + Hine)/2 < H < Hpc. Thus, (1996).

the magnitude of the gap becomes maximum at the cent¢z1] T.M. Bril, J.P. Boucher, J. Voiron, B. Dhalenne, A.
of the plateau. Revcolevschi, and J. P. Renard, Phys. Rev. [#3t.1545

This work was partially supported by a Grant-in-Aid (1994).
for Scientific Research from the Ministry of Education, [22] H. Nojiri, H. Ohta, N. Miura, and M. Motokawa, Physica
Science, Sports and Culture. A part of this work was___ (Amsterdam)246B, 246 (1998).
carried out under the Visiting Researcher's Program of23] K. Takatsu, W. Shiramura, H. Tanaka, T. Kambe, H.

the Institute for Materials Research, Tohoku University. Tg£r%9‘;n?13fa'8§ﬂ°t°kawa’ J. Magn. Magn. Matet.77—

———— [24] H. Tanaka, K. Takatsu, W. Shiramura, T. Kambe, H.

[1] K. Hida, J. Phys. Soc. Jpi63, 2359 (1994). Nojiri, T. Yamada, S. Okubo, H. Ohta, and M. Motokawa,

[2] K. Okamoto, Solid State Commu#@8, 245 (1996). Physica (Amsterdang46B, 546 (1998).

[3] T. Tonegawa, T. Nishida, and M. Kaburagi, Physica[25] T. Sakai and H. Shiba, J. Phys. Soc. Ji&8 867
(Amsterdam)246B, 368 (1998). (1994).

1284



