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Effect of Chiral Domain Walls on the Specific Heat of Gd(hfackNIT R
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We measured the thermodynamic properties for a class of quasi-one-dimensional (1D) molecular
magnets with alternating spins and competing nearest- and next-nearest-neighbor exchange interactions.
For the two compounds with higher frustratio® & ethyl and R = isopropyl), which present a
genuine 1D magnetic behavior down to the lowest measured temperatures (0.08 and 0.5 K), a peak
at 7 = 2 K was observed in the specific heat, and attributed to the excitation of chiral domain walls.
[S0031-9007(96)00593-5]

PACS numbers: 75.40.Cx, 75.50.Gg

One-dimensional (1D) localized magnets have been thetrongly competing interactions, a spontaneous dimeriza-
subject of intensive activity for the last three decadestion is present with a gap for the excitations [7].
This continuously renewed interest lies in the fact that In this Letter, we present a study of the thermodynamic
it has always been possible to synthesize real systenggoperties for a series of molecular-based quasi-1D
where even the most surprising theoretical predictionsnagnets [8] recently synthesized: Gd(hi®TR [hfac
have been tested and successfully verified: e.g., Haldanels hexafluoro-acetylacetonate and IRITs 2-R-4,4,5,5-
conjecture [1] of a disordered ground state for isotropicetramethyl-4,5-dihydroH-imidazolyl-1-oxyl 3-oxide],
Heisenberg antiferromagnetic chains with integer spin valwhere R = isopropyl, ethyl, methyl, phenyl (hereafter
ues has been confirmed in a variety of real compounddenoted by iPr, Et, Me, Ph). Their magnetic properties are
[2]; the spin-Peierls transition towards a dimerized an-determined by Gt rare-earth ions (with spis = 7/2),
tiferromagnetic chain has been clearly observed in Cuand nitronyl nitroxide organic radicalR (with s = 1/2),
GeO; [3]. Also, conclusive experimental evidence hasalternating along the chain and interacting via competing
been obtained that nonlinear topological excitations likenn and nnn exchange.
solitons give a significant contribution to the properties The four compounds were prepared according to the
of easy-plane quasi-1D systems in a symmetry-breakinghethods previously reported [9—11]. The structures of
field [4]. In this comforting outline, there is an excep- all of them, except for the NITPh derivative, have been
tion: Harada's prediction [5] of a significant contribution determined through single crystal x-ray diffractometry,
of chiral domain walls to the thermodynamic propertiesand have been found to be very similar. Linear chains
of a magnetic chain with competing exchange interacare originated by the alternance of Gd(hfacjoieties and
tions has not yet been experimentally verified. Harada [Shitronyl nitroxide radicals. The chains are well separated
proposed that the competition between nearest-neighbene from the other by the presence of the bulky ligands,
(nn) and next-nearest-neighbor (nnn) exchange can giviae shortest interchain Gd-Gd distance being 10.5 A, and
rise to a helical phase, whose twofold chiral degeneracgnly weak dipolar interactions are supposed to be active
(i.e., clockwise and counterclockwise turns of spins alondetween chains, as also observed in an Mn analog for
the chain) leads to the excitation of topologically stablewhich a Jiyer/Jinwa ratio smaller thanl0~> has been
chiral domain walls, separating two domains of oppositesuggested [9]. The 1D character of these Gd-radical
chirality. The helical short-range order is possible onlychains is confirmed by the single-crystal EPR spectra
if the ratio between nnn and nn exchange couplings expreviously recorded on Gd(hfafNITEt, which show the
ceeds a threshold value; the interchain exchange and tmeagic angle behavior of the linewidth typical of 1D
uniaxial anisotropy must be very weak. Furthermore, itmagnetic systems [10].
has been suggested [6] that, in the integer spin case, frus-In Fig. 1 we report thd dependence of the molar mag-
tration should favor the Haldane disordered state [1], whileetic susceptibilityy, T of microcrystalline powders of
in the s = 1/2 Heisenberg antiferromagnetic chain with the various compounds, measured by SQUID magnetome-
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S LA a yuT which increases with decreasirfg indicating a
s o GdNITMe | 1 much weaker frustration.
~ 157 x  GANITiPr | ] Low T measurements of the molar magnetic suscepti-
s = GanTEn bilit ted in Fig. 2. In th ds with
2 Iy o GdNITEt | 1 ility xu are reported in Fig. 2. In the compounds wi
< -%.%:-..s 1 R = Ph, Me, a phase transition to 3D long-range order at
3 — 0o - . .
g °8o%m = oo m, | Tc = 0.6 K was signaled by a change of slopeysy. In
g pornx % X % X L BRmpS j order to fit the susceptibility data, we performed numerical
o3 transfer matrix calculations of the thermodynamic proper-
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| ties for a 1D magnet with spir(§, s) alternating along the
f ] chain, subject to competing nn ferromagnefic & 0) and
nnn antiferromagnetic/§ < 0 andJ5 < 0) exchange in-

T T e a0 teractions [12—14], with Hamiltonian
N/2
TEMPERATURE  (K) H=-7 Z(SZn—l “S2, + Son - Sont1)
FIG. 1. SQUID data of the molar magnetic susceptibility ’;\,:/21 N/2
xuT versusT for Gd(hfackNITR for the four title compounds ,
in an applied fieldd = 1 kG. - Z Son—1 - Son+1 — 3 Z Son " San+2
n=1 n=1
N/2 N/2
try in an applied field of 1 kG. For the compounds with — gupH Z S3ue1 — &' msH Z 52 » (1)
R = Et, iPr, y, T was found to decrease with decreasing n=1 n=l1

T, a behavior which resembles that of an antiferromagnewhere we take periodic boundary conditiod®g,; = Sy,
but is impossible to explain in the framework of a modelsy+> = s;. To limit the amount of calculations, the spins
with only nearest-neighbor interactions, because for ferwere approximated by classical planar rotators inxthe
romagnetic nn exchange one would have a ferromagnetiglane (perpendicular to the chain direction), where a mag-
spin arrangement, while for antiferromagnetic nn exchangeetic field H is applied. At7T = 0 and in zero field
a ferrimagnetic configuration would be favored: in bothone easily finds that fo2(s + 8’) < 1 the system un-
cases, one would fingy,,T to increase with decreasing dergoes ferromagnetic order, while (6 + &) < 1 it
T. Alternative explanations of strong antiferromagneticshows helical order with wave numbeiQ, where co® =
interchain interactions or strong alternation of intrachainl /2(6 + 8’) and we have definedl = |J,|S%/J,Ss, 8' =
nearest-neighbor interactions can be rejected on the b##|s?/J;Ss. A much more complicated scenario is found
sis of structural and magnetic resonance evidence [10for nonzero field [13]. A best fitting of the susceptibil-
For Gd(hfac}NITEt, we proposed [12] that the anomalous ity data yields an estimate of the Hamiltonian exchange
“antiferromagnetic” behavior, observed also in the com-constants for the series of compounds under study: see
pound withR = iPr, might be due to dominant nnn anti- Fig. 2 [15]. For the two compounds with = Et, iPr, our
ferromagnetic exchange, in strong competition with the nrdata support the hypothesis of a dominating nnn antifer-
one. The other two compounds wish= Ph, Me present romagnetic exchange, leading to helical long-range order
with Q@ = *£0.3977 and £0.3997, respectively. These
values are to be compared with the limiting val@e=

s x i anann : +47 /2 which one would have fo, 5’ — «. For the other
_ \ ) 610401 ’, (c) two compounds, witlR = _Me, Ph, frustration effects_ are
(—E) o ek 1M found to be weaker: the fitted exchange constants imply a
E E : 10 ] helical long-range order characterized §y= *=0.2067
5 = @ o and=+0.1757, respectively [16].
\\%W In Fig. 3 we report the temperature dependence of the

molar specific heat of the four title compounds, measured

8 L .
O 602 yo012 between 0.2 and 5 K by a quasiadiabatic heat pulse tech-

'3 1 J2‘=2-18.7K nigue. The measurements on the= Et compound were
Qoﬁ performed down to 80 mK in a calorimeter employing the
1of relaxation method, operating in“e-*He refrigerator in

B Jozr 5054 -0984-767K] i m i
IS8 = the Kamerlingh Onnes Laboratorium in Leiden. In both

T T T T s 10 % . T T sets of equipment the absolute error in the heat capac-

T (K) ity was not greater than 1%. The specific heat data of the

FIG. 2. LowT data (symbols) of the molar magnetic suscepti-WeakIy frustrated compound, = Me, Ph, are shown to-

bility of the four compounds, compared with numerical transfergeth_(:"r in Fig. 3(a) in a double-log plot. They both show
matrix results (full lines) for the classical planar model (1). at high temperatures a tendency towardd-a depen-
(@) R = Me, (b)R = Ph, ()R = iPr, (d)R = Et. dence (solid line), characteristic of the lattice contribution
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pound, at lower temperatur€,(T) starts decreasing al-
most linearly:C,(T) = 0.80(5)T. (For R = iPr a simi-
lar behavior may be expected, even though new data for
T = 500 mK are required.) This is a very important re-
sult since (a) it allowed us to extrapolate To= 0 and
evaluate the total entropAS/R = 2.74(4), just a bit
lower (4%) thard In2, so we are sure of having observed
all the magnetic contribution, and (b) the linearde-
pendence allowed us to conclude that the system remains
one-dimensional and antiferromagnetically coupled down
to the lowest temperatures. In fact, this is the predicted
behavior for a 1D antiferromagnetic quantum spin-wave
contribution at low temperatures. In contrast, for a 1D
system with a 3D transition, the slope of the low tem-
01 — ‘ '1 ' T (K) 'io perature tail of the specific heat anomaly would/Bé or

’ T3 for a 3D ferromagnet or antiferromagnet, respectively
FIG. 3. Molar specific heat of Gd(hfag)ITR. (a) Crosses: [17]. Moreover, for theR = Et and iPr compounds, the
R = Me; open circles:R = Ph. (b) CrossesR = Et; open measured susceptibilities do not show any change of slope

triangles:R = iPr. Dashed lineT?/* spin-wave contribution. jn correspondence tb = 2 K, the location of the specific
Full line: T3 lattice contribution. heat anomaly

All these facts allow us to assure one that the magnetic
at low temperatures. Its extrapolation to lower temperabehavior of thek = Et, iPr compounds is 1D even at the
tures demonstrates that the lattice contribution is 2 order®west temperatures measured. Then, the peaks observed
of magnitude lower than the magnetic one at 1 K. Bothare not due to 3D ordering but to a different mechanism.
compounds show a neatpeak atT: = 0.68 and0.6 K In both cases the peak appeard gtk = 2 K; its height
for theR = Me and Ph compounds, respectively. On theamounts tQACpcar/R = 0.4 and0.2 for theR = iPr and
low temperature side of the peak, both compounds shoWt cases, respectively. These anomalies are shown in
a tendency to a3/ temperature dependence, i.e., theFig. 4. Also the hypothesis of a Schottky anomaly can
predicted behavior for a 3D ferromagnetic quantum spinbe readily ruled out, since the observed peak position
wave contribution at very low temperatures. The totalwould imply unrealistically high values for the anisotropy
anomalous entropy content, calculated taking into accourdf Gd(lIl) [12]. Thus, taking into account also the previ-
the low temperature extrapolation and subtracting the latous analysis of the susceptibility data, we are led to hy-
tice contributions, iIAS/R = 2.76(7) and2.65(8) for the  pothesize that the peaks At..x = 2 K could be due to
R = Me and Ph compounds, respectively € N kg), the excitation of topologically stable chiral domain walls,
very close to41n2, as expected for two sublattices, one separating two domains of opposite chirality, firstly pre-
with § = 7/2 and the second with = 1/2 spins. The dicted by Harada [5]. To confirm this interpretation, we
entropy content abov&c is 1.04 and 1.84, respectively. performed numerical transfer matrix calculations of the
Such a high value for the high temperature tail, muchmagnetic specific hedt,, /R versusT for the classical pla-
higher than for a 3D peak, is characteristic of the preshar model: see Fig. 5, where the interaction parameters ob-
ence of strong short-range order due to the 1D charactéained from the magnetic susceptibility (Fig. 2) were used.
of the magnetic system. This is especially so in the cas&ven though forT — 0, the calculated classical specific
of R = Ph. TheA peak is interpreted, thus, as the es-
tablishment of 3D long-range order due to interchain in- ; : .

teraction. In Fig. 3(b) we show the data for the strongly 0.4Ff x . GANITIPr h
frustrated compounds witR = Et and iPr. In both com- : ot o GdNITEt |1
pounds the experimental curves are drastically different oak . ]
from the previous cases. The high temperature heat ca- <€ " ]
pacity tail did not tend to thg™ lattice contribution for Cj i o

the measured temperatures. However, if one considers 02r %&&b 1
the similarity of structure with theR = Me, Ph com- ¢ %@b
pounds, it is reasonable to use the highest lattice con- 0.1 @g ’55;;0 )
tribution as an estimation foR = Et, iPr. In the low [ ﬁ *x: & . ]
temperature region only the = Et compound could be 0 Loctiuniid - X x%° opmn d
measured down to 80 mK, while the = iPr one was 1 2 3TK 4

measured down to 500 mK. The heat capacity below th‘%IG. 4. Experimentally determined excess specific heat

anomaly shows a tendency to a plateau in the region nea(c,, /r versusT for the compounds witiR = iPr (stars) and
T = 500 mK for both compounds. In th® = Et com- R = Et (open circles).

384



VOLUME 77, NUMBER 2 PHYSICAL REVIEW LETTERS 8 ULy 1996

1.0 g CT920080 and CICYT Project No. MAT9240/C04.
JAV4 AN Financial support for numerical calculations was provided
. J/ \‘ N by CINECA under Grant No. 93-2-102-12.
~\~_\"\_
0.0 ‘ ‘ ' ‘ [1] F.D. M. Haldane, Phys. Rev. Le#0, 1153 (1983); Phys.
Y 2 TK) 3 4 5 Lett. 93A, 464 (1983).
[2] H. Shibaet al., J. Magn. Magn. Mater140—144 1590
FIG. 5. Numerical transfer matrix calculations of the mag- (1995), and references therein.
netic specific heatC, /R versus T using the interaction [3] M. Hase, I. Terasaki, and K. Uchinokura, Phys. Rev. Lett.
parameters quoted in Fig. 2. 70, 3651 (1993).
[4] H.J. Mikeska and M. Steiner, Adv. Phyd0, 191-356
(1991).

et end 1005 ouingio e energy cuparicn ey s, iy, s ps 15 190 . s
P 9 P and H.J. Mikeska, Z. Phys. B2, 391 (1988).

of the specific heat anomaly,'our.approximatt'e trgnsfer Ma-6] 1. Tonegawaet al., J. Magn. Magn. Mater140—144
trix calculations allow us to justify, in a qualitative way, 1613 (1995).

the different behavior shown by the two classes of com-[7] F.D. M. Haldane, Phys. Rev. B5, 4925 (1982).
pounds. Indeed, for the compounds with lower frustration [8] Magnetic Molecular Materials,edited by D. Gatteschi
(R = Ph, Me) we find a broad peak, with no indication for et al., NATO ASI Ser. E, Vol. 198 (Kluwer, Dordrecht,
the excitation of chiral domain walls. For the compounds  The Netherlands, 1991).

with a higher degree of frustratioR (= Et, iPr), a sharp  [9] A. Caneschiet al., Inorg. Chem27, 1756 (1988).
peak—which is the signature of the excitation of chiral do-[10] C. Benelliet al., Inorg. Chem29, 4223 (1990).

main walls [5]—develops. These findings are comforting,[11] €. Benellietal.,Inorg. Chem28, 275 (1989).

even though the calculated peak positionis.{ = 1 K) [12] C. Benelliet al., J. Magn. Magn. Mater140—144 1649

are in poor agreement with the experimental ones: agai
this can be ascribed to the inadequacy of a classical pla-

(1995).

(1991).

13] B. Carazza, E. Rastelli, and A. Tassi, Z. Phys88 301

nar model in order to reproduce such a model-sensitive 4] M. G. Pini and A. Rettori, Phys. Rev. B3, 3240 (1993).
property as the specific heat. Clearly, for a detailed comp5] The high values found for} are consistent with those
parison, a correct quantum treatment of the: 1/2 radi- obtained for Y(hfac)NITEt by best fit with Heisenberg
cal, alternating along the chain with the classigak 7/2 s = 1/2 quantum chains: see C. Bene#i al., Inorg.
Gd"? ion, would be required [18]. Moreover, a Heisen- Chem.28, 3230 (1989).

berg model would be more appropriate for the Gd(lll) ion,[16] The Q’s quoted above refer t&" =0 and # = 0. A
which has 6{357/2 state. striking T depende_nce is _found for low's; see Ref. [5].

In conclusion, our specific heat data for the quasi-1DI17] Also, the almost linear, instead of exponentialdepen-
compounds Gd(hfagNITEt and Gd(hfac)NITiPr pro- dence obseryed foR = Et down to 80 mK rules out
vide the first experimental evidence for the contribution the hypothesis [7] that quantum effects could produce a

. . . . dimerization with a gap in the excitations. An exponen-
of chiral doma|r_1 walls to the thermodynamlc properties tial T dependence was observed by P.R. Hammar and
of a 1D magnetic system with competing nn and nnn ex-  p Y. Reich, J. Appl. Phys79, 5392 (1996), in & = 1/2
change interactions, as predicted by Harada [5]. quasi-1D system.

This work was supported by a Human Capital and[18] J. Curély and R. Georges, Phys. Rev. 45, 3520
Mobility Program through Contract No. ERBCHRX- (1992).

385



