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The 'H hyperfine shiftk and NMR relaxation ratel; ' have been measured as a function of
temperature in th& = 1/2 Heisenberg antiferromagnetic ladder compound(CsH,N,),Cl,. The
presence of a spingap = J, — J'l in this strongly coupled laddet|( < J,) is supported by th&
and 7, ! results. By comparing; ' at two different'H sites, we infer the evolution of the spectral
functions S (¢, w,) and S, (¢, w,). When the gap is significantly reduced by the magnetic field, two
different channels of nuclear relaxation, specific to gapped antiferromagnets, are identified and are in
agreement with theoretical predictions. [S0031-9007(97)03723-X]

PACS numbers: 75.10.Jm, 75.40.Gb, 76.60.—-k

Several classes of one-dimensional Heisenberg antifed- X 0.05 mn?), oriented with theib axis (perpendicular
romagnets (HAF) are known to exhibit a spin gap at lowto the chains axes) along the applied figélg= 5.6 T. A
temperature. For example, integer-spin chains [1] havéypical spectrum for the proton resonance shows a number
a nonmagnetic “spin-liquid” ground state (singlet) sepa-of partially resolved lines [Fig. 2(a)], indicating a variety
rated from a branch of triplet excitations by an energy gamf local fields among the 24 inequivalett sites. In the
A. A spin-liquid ground state also exists in spin laddersfollowing, we focus on the lines labeled (I) and (Il), as
built by coupling an even number 6f= 1/2 HAF chains  their extreme position in the spectrum allows their study
with an antiferromagnetic transverse exchadge[2,3]. on a wide temperatureT| range [11]. With the field
At low energies, many physical properties are domi-along b, the magnetic hyperfine shift,, of the proton
nated by the singlet-triplet gap and do not depend omesonance is related to the uniform spin susceptibility
the underlying dynamical quantum processes stabilizingy = xi(¢ = 0, » = 0) at the nuclear sité, by
the ground state. For example, thermodynamic quantities Avp
(susceptibility, specific heat) are very similar in a number Kpp(T) =
of gapped one-dimensional HAF. 8bb

In this Letter, the low-energy dynamical processesvhereA,, is the hyperfine coupling constant andthe
dominating the!'H Spin_|attice relaxation ratel(Tl) of chemical shift. The shifts of the two lines, plotted in
an organic spin ladder [G(CsHi,N,),Cly] are unam- Fig. 2(b), are opposite in sign but follow the sarfie
biguously identified by comparing thE, measurements dependence ago, that is, a high temperature Curie-
at two proton sites. They coincide precisely with the\Weiss behavior followed by an exponential drop below
processes proposed by Sagi and Affleck [4] for Haldan@ rounded maximum &, = 8 K, in complete agree-
systems. This experimental evidence supports the idg&@€ent with previous susceptibility measurements [8,10].
proposed by Sachdev and co-workers [5] that SpectrﬁinCEK is proportional to the susceptibility, measured
functionsS. | (¢, w) are, at low energiesd < A), com-
mon to all gapped one-dimensional HAF.

xo(T) + o, (1)
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In Cw(CsH15N»)-Cly [6], the CE™ (S = 1/2) ions are 0@ &0
coupled antiferromagnetically iwell isolatedladders [7] NCuCH R Ji
(see Fig. 1). The exchange parameters along the rungs 1 Ho ‘J
(/1) and the legsJ;) of the ladder are isotropic and have -
been accurately measured to be = 13.2 K and J| = J.=13.2K

2.4 K[8-10]. In many respects, this material is a model J,=2.5K
system in which theoretical predictions for Heisenberg I )

ladders in the strong coupling limiv(/Jj = 5.5 > 1) FIG. 1. Schematic structure of €i€sH;N,),Cly, with the

can belteSted' . exchange parameters determined in Ref. [8]. The labeled
The 'H NMR measurements were carried out by pulsedhrotons contribute to the two NMR lines used in this work
spin-echo techniques on five single crystals (typically ~ to probe different dynamical functions (andS ; see text).
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of the susceptibility [13]
Seoof O} S 1203
500} IO Xo & ! ex _An . (2)
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9 ook A low temperature fit ofK” to Egs. (1) and (2) gives
= 100 { an effective gap ofA, =3 K in 5.6 T. This is very
S S Y T R VYT close to thg value expected takl.ng' the zerq-flelq gap
Magnetic Field (T) A = 10.8 K inferred from susceptibility and high field
K 08 — magnetization measurement [8] reduced by the Zeeman
£ o4 i . energyh = 7.6 K. Thus, the measurements &fand yq
£ Cean Qe are fully consis_tent with a spin gap, = (J. — J)) - h
o 02 o e () between the singlet and triplet states of the Heisenberg
t ool e i Troger ladder with strong rungs.
) L} M/H (R=5T) . . .
S 3 We now discuss the dynamical properties, as probed
i'°'2‘§ oM (emma/molo o) P by the nuclear spin-lattice relaxation raleT;. The
T -4l & “4,...---""" recovery of the nuclear magnetization is always a single
S o6 et exponential at all temperatures. As shown in Fig. 3(a),
=70 5 10 15 20 25 30 3 both sites display qualitatively the sanfedependence,
Temperature (K) that is, 1/7; tends to be constant in the paramagnetic
FIG. 2. (a)'H NMR spectra at fixed frequencyf, =  region, and crosses over to an activated behavior aflow

239.112 MHz. The arrows indicate the two lines studied There are, however, striking differences between the two
(their different amplitudes are due to different excitation |ines: (a) at high? the values ofr; differ by 1 order of

conditions). The large central peak comes from protons i ; :
the NMR probe. (b) Magnetic hyperfine shift for the Iines%agthde’ (b) at lov" the gap values differ by a factor

(1) and (Il) and susceptibility at 5 T; the dashed line is a fitOf 2. Indeed, assuming an activated behavigi, o

where the hyperfine coupling is the only adjustable paramete@Xp(—Acsr/ksT), Acrr = 3.4 = 0.2 K for the line (1),

and temperature dependence of the susceptibility is giverlose to the valuel, = 3.0 K deduced from the shift,

by Eq. (5) of Ref. [8], withJ, =13.2K and Jy =25K.  pytA. = 6.8 + 0.2 K for the line (II).

Inset: shift data vs susceptibility, witth’ as an implicit In spin systems, the temporal fluctuations of the elec-

parameter. tronic spins make the nuclear polarization relax in a time
T, related to the spectral densiti§s | (¢, w) of the two-

at 5T [inset of Fig. 2(b)], the hyperfine couplings on SPin correlation functions, through [14]

i i D + 1 2 Yeh)?
both ﬁllt)es can be estimated;, = +2.95 + 0.40 kOe_ 1 _ (Yayeh) S IF.S.(q ) + FLS1(q 0],
and A, = —2.6 = 0.50 kOe [12]. The largest contri- 71 2 p
bution toA comes from the dipolar field on thgh nu- 3

cleus created by the surrounding electronic spins, i.e,, .
! ' "Fwith ~ 0 the nuclear Larmor frequency, and
Aj o« =|yely,h* X (1 — 3cos eij)/rfj, whereg;; is the @n q y

angle between;; and Hy. Given the atomic positions, g | (¢, w,) = ] dt "' {S. (g, 1)S.._(—q,00}). (4)
it is straightforward to compute the dipolar field at each
'H site (a reliable result is obtained by summing overin general, any quantitative analysis of the relaxation
5—6 neighboring Cu spins). The total NMR spectrum isrequires the knowledge of the hyperfine “form” factors
well reproduced in this way. It is therefore possible toF(g) [15] in addition to a model fosS, | (¢, w). We first
assign the NMR lines to specific proton sites: line (Il) isdiscuss the structure factass | (¢, o).
ascribed to protons H2 involved in the superexchange Single magnon processes, which require an energy
(see Fig. 1). The line (1) is attributed to protons H20 andgreater or equal to the gap, cannot contribute to the nu-
H23 at the outer edges of the ethyl groups. It must belear relaxation which involves negligible energy transfers
stressed that the uncertainty in the site labeling could onl§w, ~ mK. Two- or three-magnon scattering processes
result in adding the protons H14 and H4 to the lines (l)are then required [16]. More specifically, Sagi and Af-
and (Il), respectively. This essentially does not affect ourfleck [4] have recently analyzed the possible nuclear re-
analysis of the nuclear relaxation. laxation processes for Haldane chains in magnetic fields.
In a magnetic field, the triplet excitations split into three Since the low-energy excitations §f= 1/2 ladders and
branches. In the strong coupling limify(/, < 1), the integer-spin chains are qualitatively similar [17], it is
lowest branch is separated from the singlet ground state hyatural to consider the same processes here. Following
an effective gapd, = A — h, whereh = gugH, is the their arguments, the nuclear spins can exchange energy
Zeeman energy. When the temperature is small compardtrough three different channels [4]:
to A,, interactions between excitations are negligible and (i) Intrabranchtransitions involve two magnons within
the lowest branch dominates the temperature dependenttee same branch (i.e., with the sanfe eigenvalue).

926



VOLUME 79, NUMBER 5 PHYSICAL REVIEW LETTERS 4 AGUST 1997

101 ' 1 v 1 4 I 1
— (a) 000000 0 (b)
g )
2wl S
— g 000.0. LA -
I:'_1 0! o (Il) =
o (Il) o,
— o ()
10-2 L 1 . 1 .I (!) 1 L ]
0O 10 20 30 00 04 O. 0.0 0.4 0.8
T K] 1T K 1T K

FIG. 3. 'H spin-lattice relaxation raté/T, for lines () and (Il) as a function of (a) and1/T (b). (c)S.(¢ =0, w,) and
S.(qg = m, w,) correlation functions derived frorfi; results (see text for details).

At low T, these processes have a maximum probabilelements for such transitions: this relaxation mechanism
ity near the minimum at = 7 of the lowest branch involves three-magnon (or higher order) processes, and
of the triplet (Fig. 4), implying a momentum transfer its temperature dependence follows the square of the
Ak = g ~ 0 (forward scattering). Fof < h, the g-  thermal population in the lowest triplet stafs, = (w,,) =
integrated spectral density is expected to follow the therexd —2(A — h)/kgT].
mal occupation of the lowest energy triplet$" (w,) = The above discussion shows that (1) the Boltz-
exd—(A — h)/kgT]. mann factor is more favorable to intrabranch processes
(i) Interbranch transitions (Fig. 4), i.e., transitions (A, = 3 K); these will dominate the staggered transitions
from a state in a magnon branoh to a state with (2A, = 6 K), while interbranch ones, if any, are essen-
m = 1 (S+ operators). Since the Zeeman splitting attially negligible (A = 10 K). (2) The lowT nuclear
56T is larger than the magnon bandwidth-55 K  relaxation is only driven by two terms: (¢ ~ 0, w,) for
[18]), these processes can only occur because of th@trabranch transitions an8l, (¢ ~ 7, w,) for staggered
finite damping of each level and are expected to beransitions. Accordingly, we write Eq. (3) in a simplified
weak. Furthermore, only large momentum transters  form,
e e o 1 e ) e ey T, AN = 0.0+ FLS1 (o = 7.0
(i) Staggeregrocesses: wheH, approaches the criti- (5)
cal fieldh.; = A, one-magnon excitation§{ operators, Hence, the two behaviors/T; = exp(— Ay /ksT) for

q ~ ) become increasingly relevant. At finit€ in . o
the gapped phase, interactions between excitations, fpe line (I) and1/T; = exp(—2A,/kgT) for (Il) can
only come from the temperature dependenceSdfy =

equivalently finite damping, generate nonvanishing matri>b w,) % exp—A/ksT)  while S, (q = . w,) =
> Wn —Aan B 1 - s Wn

exp(—2A,/kgT). In other words, the ratio of
F,(0)/F () for lines (I) and (Il) are such that, at
low temperatures, only one of the exponential terms domi-
nates the relaxation: obviously,(¢ = 0, w,,) component

is favored for the line (), and, (¢ = 7, w,) one for the
line (I1).

This result is, to our knowledge, the first experimental
identification of specific nuclear relaxation channels in a
gapped antiferromagnet, a result in remarkable agreement
with the work of Sagi and Affleck. Another support to
this theory is that the lowest gap, = 3 K is also the
> value seen in the susceptibility. Furthermore, the obser-
k/x vation of the staggered contribution in the gapped phase

proves that interactions between fermioniclike excitations

FIG. 4. Schematic picture of the two-magnon scattering proyye significant in this system. This conclusion was already
cesses relevant to the nuclear relaxation in a system with smgl% f tizati ts I8
to triplet gap, in a magnetic field, [4]. In this experiment, rawn from magnetization measurements [8].

the Zeeman splitting uzH ~ 7.6 K is larger than the magnon A nice feature of this study is that t#& data for the
bandwidth (5.5 K [18]). two lines provide a set of two independent equations [i.e.,

e(k)

g“‘BHOl
A
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Eq. (5) for each line]. Sincé,(¢) and F,(g) can be
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for the line (Il), while both terms are comparable for the [4] J- Sagi and 1. Affleck, Phys. Rev. 83, 9188 (1996).

line (I). S, = exg(—2A,/ksT) is thus overweightedor [5] S. Sachdev, T. Senthil, and R. Shankar, Phys. ReS0B

the line (Il) explaining whyT'{' decays with an activation 6] ésiﬁgr?g' al.. Inorg. Chem 29, 1172 (1990)

ggﬁ;%[?/vzeAtho. th%ns::;|§;?e$a;and£n§ra$£dg$I?antly [7] As to the effeéts of interladde} couplings, see M. Troyer,
hs \g = M. E. Zhitomirsky, and K. Ueda, Phys. Rev. 35, R6117

0, w,). However, one must realize that the calculation (1997), and refe?‘/énces therein.. Y ’

of the form factors is subject to several uncertainties: any[8] G. Chaboussargt al., Phys. Rev. B55, 3046 (1997).

error in atomic positions is amplified[r;;) o« r,~}6], the [9] C.A. Hayward, D. Poilblanc, and L.P. Lévy, Phys. Rev.

spatial extension of Cii orbitals may play an important B 54, R12649 (1996); Z. Weihong, R.R.P. Singh, and

role [19] for the protons H2 [line (I)] which are in the J. Oitmaa, Phys. Rev. BS5, 8052 (1997).

superexchange pathway and closer to the Cu ion thalt0l See also P.R. Hammar and D. H. Reich, J. Appl. Piigs.

those of line (I). Indeed, the extracted valuesSpfare 5392 (1996).

slightly negative suggesting that the value Bf' has [11] mz l'Eﬁw(é)\,;pp;zrsnoisa?fgctedsﬁioojsE/ ?er}?:)?at:gﬁo;aer:;e.
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