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We report results of extensive magnetic studies of three triangular quantum Heisenberg antiferromagnets
(TQHAF’s) with weak additional Dzyaloshinskii-Moriya interaction, £L®H)3(CH,,1,CO0), m=7,9,
and 11. Fits of the dc susceptibility data to high-temperature series expansions are consistent with high-
temperature TQHAF behavior. At low temperatures the deviations from the TQHAF predictions suggest a
canted antiferromagnetic type of ordering, consistent with the strong peak in the second harmonic of the
nonlinear ac susceptibility, which indicates the development of a spontaneous moment. The frequency depen-
dence of the linear ac susceptibility and the irreversibility in the field-cooled/zero-field-cooled magnetization
reveal spin-glass-like behavior. Glassy behavior also is suggested by the specific heat data, which show only a
weak broad feature at the transition. We propose that, instead of choosing between the resonant valence bond
or noncollinear Nel ground states expected for the ideal TQHAF, these systems undergo, due to the additional
Dzyaloshinskii-Moriya interaction, a finite temperature phase transition to a state with both Ising-like canted
antiferromagnetic and glassy characteristics. The interplay of Heisenberg exchange, causing frustration, and
Dzyaloshinskii-Moriya interaction, determining spin canting, leads to an unusual state in which order and
disorder appear to coexist.

[. INTRODUCTION der was called “order with disorder>’Such coexistence in
an equilibrium state of magnetic order and disorder occurs
In the past decade there has been increased interest when one or more sublattices order below the critical tem-
systems that exhibit new types of magnetic ordering as eratureT., while at least one sublattice stays disordered at
consequence of competing interactidrisustration(occur-  all temperature$® Quantum disorder can be manifest in the
ring when no spin configuration can simultaneously mini-quantum spin-liquid GS associated initially with triangdlar
mize all the interactionsis generated by the competition and more recently with pyrochlgtéF'’s.
between interactions of different kirid.g., competing ferro- Recently, increased numbers of experimental realizations
and antiferromagnetic interactions or competing nearestef such geometrically frustrated systems have been
neighbor and next-nearest-neighbor interactiomsby the  achieved-*~!'Extensive experimental studies of such mate-
topology of the latticgle.g., triangular, kagomeyrochlore rials showed in some cases evidence of spin-glass-like be-
lattices with antiferromagnetic nearest-neighbor interactionshavior, which may not always be due to the presence of
etc).? disorder, as in the case of spin glas¥es® These results
The recent interest in geometrically frustrated systems isaise questions such as whether the glassy behavior is intrin-
spurred by the new phenomena predicted or already olsic to the pure frustrated system or even the smallest degree
served at low temperatures: noncollinear Neag-range or-  of disorder(very difficult to deteckis sufficient to be respon-
der (LRO), “order by disorder,” “partial order,” quantum sible for the spin-glass-like characteristics, whether the
disorder, etd. Noncollinear NeeLRO occurs when frustra-  glassiness found in the pure frustrated systems is identical to
tion can be released by spin configurations that are not antthe one observed in the random frustrated systéspsn
parallel, as in the traditional Nestate. Simple examples are glassey and what is the universality class, if any.
the triangular Heisenberg oY antiferromagnet$AF) with Traditionally, spin-glass behavior required both random-
classical spins, in which cases 120° configurations minimizaress and frustratiol:'® One of the main conclusions of the
the total energy. Order by disorder is a phenomenon thaa review on spin glass&swas that although many of the
occurs in systems with high degeneracy of the classicgbure frustrated models have nonperiodic GS’s, the state at
ground statéG9S), by which the system can select, by meansfinite temperature is always a simple periodic magnetic
of thermal, quantum, or quenched fluctuations, the mosstructure, and no spin-glass phase could be found. However,
“flexible” subset of the GS manifold, the one for which the there can be long-lived nonperiodic metastable states such
density of low-lying excited states is a maximdrhThe co-  that the dynamic properties of such systems are more spin-
existence, below a finit&, of partial order and partial disor- glass-like than the static properties. Moreover, if disorder is
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added fully frustrated systems could be made into spiries, and on linear and nonlinear ac susceptibility data we
glasses. showed® that these compounds have an unusual magnetic
The theoretical possibility for disorder-free glassiness inbehavior, presenting, due to the additional Dzyaloshinskii-
the case of frustrated Heisenberg systems remains controveyloriya (DM) interaction, neither the RVB nor the noncol-
sial even for the most highly frustrated systetfdt was linear Neel GS. Instead, we proposEdthat the interplay
argued that structural disorder could have either an orderin?e'ﬂ’veen the Heisenberg antiferromagnetic exchange, causing
or a disordering effect depending on the ty(sée or bond rustration, and the DM interaction, leading to spin canting,
and degree of disorder, the properties of the degenerac§llow these systems to evolve, into a new, unusual state with
manifold, and the space dimensib"2°For some nominally poth 2D IS|ng-I|I§e canted antiferromagnetic an'd spln-glass—
disorder-free geometrically frustrated compouRd¥ addi- like chgracterlstlcs. Here we expand those studies, presenting
tional interactions may be necessary to explain the Spiﬁxtenswe data for all three compounds. Based on dc magne-

freezing and glassiness obsended.Single-ion anisotropy tization and magnetic irreversibility studies, linear and non-

(SIA) has been the most common additional interaction prc)linear ac susceptibility data, and specific heat data we show

posed to be responsible for the glassy behakfid?while the that these three compounds have a similar but unusual mag-

Dzyaloshinskii-Moriya(DM) interaction has not been exten- N€tic behavior. Moreover, static scaling analyses of the mag-
sively considered, though it can become crucial S+ 1/2 netization and of the susceptibility as well as dynamic scal-
systems, for whic,h there is no SIA. ing and Cole-Cole analyses strengthen our previous

Triangular Heisenberg AF’s recently have been intenselfondus'ons'

studied both theoretically and experimentaftyMost of the The paperis prgam;ed as .fOHOWS: In Sec. Il we mtroducg
experimental realizations have been systems with stackeij€ materials, discussing their structure as well as the main
lattices. Various noncollinear statéand in particular the INteractions likely to be responsible for their magnetic be-

120° GS predicted theoretically were actually observed,ha"ior' We follow with a description o_f the experimenfcal
however the ordering in these  systems is@pparatus and the measurement techniques used. Section Il

three-dimensiondf! It was determined that interlayer inter- PréSents the experimental data together with the results of

actions and SIA play an important role in the magnetic Or_sta’tic and Qynamic scaling analyses. In Sec._IV we d_iscuss
dering, while site disorder did not affect significantly the the correlation between structure and magnetic behavior, the

ordered GS in such systerHs. role of additional interactions, structural disorder, and quan-
Regarding the triangular spin-1{guantum Heisenberg tum fluctuations. We speculate on the possibility of partial

antiferromagnetTQHAF), the suggestion that this is the o_rder in these compounds. Section V is devoted to conclu-
simplest system to have a resonating valence b@wB)  S'ONS:

ground staté,as opposed to the noncollinear semiclassical

Neel state, has resulted in much debate and controversy. Il. EXPERIMENT

Other RVB-type variational wave functions have been
proposed! supporting the disordered spin liquid GS, but
lower energy variational states preserving some of the long- The samples studied are compounds obtained by interca-
range 120° noncollinear Métype order also have been lation of saturateq organic chains between inorganic layers of
found?? Exact diagonalization of small clusté?suggested copper hydroxided’*® The copper hydroxy salts

no long range order, while two more recent calculationsCl(OH)3CnH2m+1COO, m=0, exhibit a botallackite-type
reached opposite conclusions regarding the existence structure®® Fig. 1(a), in which two-crystallographically dis-
magnetic LRO**?°Spin-wave theory® high-temperature se- tinct copper atoms lie in slightly different octahedral
ries expansion%’ and renormalization group effective field environments! Extended x-ray absorption fine structure
theorie$® support various degrees of long-range noncollineameasurements show¥dhat the powder samples of the in-
Neel ordering, however a true consensus is yet to be reachetkrcalation compounds maintain the basic framework of the

The previously studied magnetic realization of TQHAF's crystalline inorganic layer of the parent compound
has not provided conclusive results regarding the nature o€u,(OH)3NO;, with only minor distortions of the local en-
the GS. The difficulties in the preparation of Nafi@ave vironment. The x-ray powder diffraction studies revealed the
impeded extensive studies, though preliminary results arkayered structure with interlayer distances of 24.1, 29.4, and
consistent with a disordered low-temperature pHasthe 34.4 A form=7,9, and 11, respectiveff. Based on the
interest in TQHAF's has recently increased due to new thewidth of the diffraction peaks we estimate the size of the
oretical and experimental studies on nonmagneticrystallites to ~300 A, consistent with values obtained
analogues®—3*However, these reports did not settle the con-from TEM studies. The TEM photographs revealed interfer-
troversy concerning the GS of TQHAF's, and new systemsnce patterns usually observed only in structurally ordered
are needed to address it. materials*!

In this paper we present extensive magnetic studies of the The spin-carrying units ar&=1/2 C#* ions with no
recently reportetf hybrid organic/inorganic TQHAF’s with ~ single-ion anisotropy, located on a planar latfi&é® The
weak additional Dzyaloshinskii-Moriya  interaction, most important interaction consistent with the structure pre-
Cu,(OH)5(CHym+1CO0), m=7,9, and 11. These hybrid sented in Fig. (@) is the isotropic Heisenbergsymmetrig
nanocomposites are examples of molecule-based mafjnetexchange: H,= —323;S-S,. The (superj exchange
with a two-dimensiona(2D) magnetic lattice, the most im- interactiot? is mediated by two types of bridging oxygen
portant interactions being Heisenberg and DM exchafges. atoms, one from the OH groups, the other from COO groups.
Based on dc magnetization and magnetic irreversibility studAs there are unique Cu-O-Cu angles between each pair of Cu

A. Materials
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there is a mirror plane including the two sitBg is perpen-
dicular to that plané® For the compounds reported here the
octahedral symmetry around the Cu ions is slightly altered
by the inequivalency of the six oxygen ligands, some being
part of an OH group others of an COO gratipThis small
anisotropy varies from site to site leading to a variety of DM
vectors.

Figure Xb) shows the suggested simplified magnetic lat-
tice of Cy(OH);(CHom1CO0), m=7,9, and 11. The
different symbols for the lines connecting the spin sites sug-
gest different strengths of the Heisenberg exchange coupling.
The arrows show probable directions of the DM vectdys
OO« @oonm ©:0c00) (not necessarily in the plane of the latticthe different sym-
bols suggesting different interaction strengths. The interac-
tions are distributed periodically but not uniformly through-
out the lattice. Though this suggested magnetic lattice is
clearly oversimplifiedespecially in predicting the directions
of the DM vector$ it represents the principal magnetic inter-
actions and could constitute a starting point for theoretical
studies.

The interlayer interactions are expected to be very small,
likely negligible. The direct exchange between unpaired
electrons located in adjacent layers is very small because of
the negligible overlap of the orbitals involved, due to the
large interlayer separation. The exchange through spin polar-
ization is also negligible as the organic chains have only
saturated carbon atoms. Also, the interlayer dipole-dipole in-
teractions are likely negligible~410 % K) due to the large
interlayer distances, which are about tenfold larger than the
intralayer spin-spin distances. The dipolar interactibns
lattice of Cu(OH)s(CyHam, ;CO0), M=7, 9, and 11. The differ- _probably play an important role only at low temperatures. It
ent symbols for the lines connecting the spin sites suggest differerdt’ th_erefore, very likely that these compounds are good re-
strengths of the Heisenberg exchange coupling, while the arrowémza'tlons of 2D systems.
show probable orientations of the various DM vect@rs. The
interactions are distributed periodically throughout the lattice. B. Measurement techniques

FIG. 1. (a Proposed intralayer structure  of
Cuy(OH)5(C\Hom 1CO0), m=7, 9, and 11 based on the struc-
ture of the parent compound @WH);NO; (Ref. 43. Arrows
show the directions of slight anisotropgb) Suggested magnetic

ions, the strength of the exchange interactions also®Yary ~The powder samples, with masses 20 mg, were
causing the magnetic lattice to consist of nonequilateral tris€aled at room temperature in quartz tubes with known mag-
angles. netic background signal. The measurements of the linear ac
According to the Goodenough-Kananf3riules the ex- magnetic susceptibility and its harmonics were made with a
change coupling constant depends on the angles betweédke Shore 7225 AC Susceptometer/DC Magnetometer in
magnetic ion—ligand—magnetic ion, angles of 1g6frong the temperature rangesST<30 K, on warming. Both the
orbital overlap and 90° (orthogonal orbitals leading to  in-phase f;) and out-of-phasex(;) linear susceptibilities,
strong antiferromagnetic and ferromagnetic interactions, rex;=x1tix1, were measured under an ac field,
spectively. For intermediate angles, even small deviations=hg sin(2#ft) with hy=1 Oe(in zero dc applied fieldand
from 90° and/or the presence of side groups coupled to the wide range of frequencies £5f<10000 Hz). The second
ligands may be sufficient for the interactions to becomeand third harmonics of the magnetic susceptibiityand x
antiferromagnetié® In the Cy(OH)3(CHoms1COO), m  were obtained by reading thef 2and 3 lock-in responses,
=7,9, and 11 compounds, given the Cu-O-Cu angles antespectively, to an ac field with frequentyThe harmonics
the presence of the side groups bound to the oxygemwere measured on warming, in zero applied magnetic field,
ligands?® the intralayer exchange interaction was found to beat fixed ac field amplitudé1l.3 O¢ and frequencies between
antiferromagnetié¢®*4 10 and 3330 Hz. The linear ac magnetic susceptibility was
When the local environments of adjacent spin sitesalso measured in various dc applied fields<i84.
are different the DM (antisymmetri¢ exchangé? Hpy <50 kOe and in the temperature ranges <40 K, at
=3D;;-S XS, caused by the spin-orbit interaction, can addconstant field on warming.
to the usual Heisenberg exchange. This additional interaction The magnetization was measured with a Quantum Design
is always weaker than the Heisenberg exchange and favoMPMS 5 SQUID magnetometer. The temperature depen-
perpendicular spin alignments. The direction of the DM axialdence of the static susceptibility was determined based on
vectorD;; could be determined based on the symmetries remagnetization data collected on cooling between 350 K and
lating adjacent spin sites. In particular, if an inversion cente5 K in a dc applied field of 5000 Oe. Hysteresis curves were
is located half way between the two sif@g is zero, while if ~ obtained & 5 K for applied fields of —550006<H 4.
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<55000 Oe, after cooling with no applied field through the I I I I I I
transition. The remanent magnetization was measured afte 800
taking precautions for properly zeroing the applied dc field,

to within 0.05 Oe. The sequence for the measurements con

sisted of: cooling the system in a small dc fig)dOe at first

from 50 K (a temperature at least twice tfig) to 5 K, well 600
below the transition; turning the applied field to zero at 5 K; _
taking data on warming in zero applied dc field at g
~0.2 K/min; repeating the sequence for higher fields, up to2

50 Oe.(Fields higher than 50 Oe were avoided because ofg 100
the danger of trapping flux in the superconducting magnet,=
which would than compromise the zeroing of the dc field. §
Fields lower than 5 Oe lead to noisy datkield-cooled and
zero-field-cooled magnetization data were collected on
warming in the range §T<30 K in various applied dc 200
fields. The sequence for the measurements consisted o
cooling the system in zero applied dc field from 50 K to 5 K;

turning the applied field on at 5 K; taking zero-field-cooled

(ZFC) data on warming at-0.5 K/min in the applied dc I I I I
field; cooling the system in the same applied dc field from 50 00 101502000 250 300 350

K to 5 K; taking FC data on warming in the applied dc field; T (K)
repeating the sequence for higher fields (84 .
gzoo Oe) . FlG 2. Xdc VST fOI’ CUZ(OH)3(CmH2m+lCOO)I m:7, 9, and

The specific heat data were collected with a Quantun}l atH4=5000 Oe, and fits to Curie-Weiss mean field predic-

Design PPMS. The samples were cut from pressed pellef&ons'
(masses between 7.5 and and 9.8 iauigd were mounted on
the sample holder using a small amount of Apiezon Nwith a small decrease in the exchange and a slight increase in
grease. To separate the contribution of the sample heat ctiie g factor of the copper spins.
pacity from the addenda, the heat capacity of the sample The upward trend of thgy.T product below 50 K indi-
holder with the grease was measured over the full temperasated *® ferromagnetic correlations between the spins, the
ture range (1.&T<300 K) prior to mounting each sample. sharp peak suggesting a transition with a critical temperature
All measurements were done in the absence of an applied,~20 K for all three compounds. This behavior is likely
magnetic field. Each data point corresponds to a single relaxdue to the spin canting caused by the additional DM ex-
ation measurement, where the sample holder is heated ahange, whose strength is estiméfedat Di;~[(g
constant power for half the characteristic time-constant of the-2)/g]J;;~5 K.
calorimeter, followed by a cooling period. The heat-capacity The fit to the Curie-Weiss Iawgclz(TJr Ocw)/C for T
values were extracted from the temperature response curves200 K (Fig. 2) gives mean field® .y, of 140, 130, and 120
by fitting to the solution of a dual time-constant thermalK, for m=7, 9, and 11, respectively. This quantity allows
model;”® thus minimizing thermal contact artifacts. the calculation of the rati®.\,/T., which may correlate
with the degree of frustratiohWe obtain values of 7, 6.5,
and 6, respectively, suggesting moderate strength
Ill. EXPERIMENTAL RESULTS AND ANALYSIS frustration’ A better estimate of the degree of frustration is
fr=0cw/ Ty Which relies on the use of the Neempera-
ture, corresponding to an antiferromagnetic transitiorthis
The temperature dependence of the static susceptibilitgase in the absence of the DM interaction, perhaps due to 3D
Xdc for Cu,(OH)3(CHom+1CO0), m=7,9, and 11, was interactions, etg. Thus, we estimate even stronger frustra-
presented elsewhere ag,T vsT.% It was shown that tion, asTy would very likely be much lower than 20 K.
upon decreasing from room temperature thg,.T product Hysteresis curves at 5 KFig. 3) give saturation magne-
first decreases, indicating antiferromagnetic correlations antization values of~1440, 1480, and 1550 emu Oe/mol-Cu
then, below 50 K, increases, with a peak-a20 K. The (below the value of 5585 emu Oe/mol expected for a spin-
Xdqol curves form=7,9, and 11 normalized by their Curie 1/2 g=2 ferromagnet and coercive fields of 600, 900, and
constants overlay each other, demonstrating independence @000 Oe form=7, 9, and 11, respectively. The saturation
interlayer distances and suggesting true 2D behavior. magnetizations correlate with tlgevalues determined from
The fit to the highT series expansions for TQHAFis  the high-temperature static susceptibility. It is noted that both
consistent with such behavior for 120<350 K. The val- g and the saturation magnetization increase monotonically
ues of the two free parameters, the average exchange cowith m. If instead of the spin-only value for thg factor g
pling constant, and the Curie constdat, equivalently, the =2 we use the values obtained above from the fit to high-
Lande g facton, were found® similar for the three com- temperature series expansions=(2.37,2.40,2.48) we calcu-
pounds: —2J=62,56,54 K and C=0.53,0.54,0.58 emu late expected ferromagnetic saturation magnetizations values
K/mol (9g=2.37,2.40,2.48), foom=7,9, and 11, respec- of 6620, 6700, and 6925 emu Oe/mol. Therefore, the experi-
tively. The large increase in interlayer separation correlatemental saturation magnetizations are significantly smaller

A. Canted antiferromagnetic behavior
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1500 & | | The divergence of the magnetic susceptibility can be studied
using Kouvel-Fisher scaling analydiSwhich makes use of
e m=7 the scaling law:
1000 | - m=9
o X< (T=To)™? (1)
o0 and defines a new function:
=
Q 1
=] Xyp=——"7"— (2)
5 o Xy YdT)
=
5 3 to determin€eT . and y:
= 3
-500 £ T-T,
H X = 3
g
o0 = Kouvel-Fisher scaling analyses of the linear susceptibility
data(Fig. 4) are presented in Fig. 5 for all three compounds.
1500 The parameters obtained through such analyses Tare
T 0 0 20 m =19.0,19.7, and 19.5 K ang=1.81, 1.75, and 1.78 for
H(09) m=7,9, and 11, respectively. The error in the determination

of the y values is estimated to aborit10—15 %, mainly due

FIG. 3. Hysteresis curves for G{OH);(CHoms1CO0), m  to the various choices for the temperature ranges where data
=7,9, and 11 aff=5 K. Inset: details of the low-field region were fitted to a straight line. The final choices reflect the best
showing the coercive fields. fits in ranges of reduced temperature of about &(L

—-T.)/T.<0.15.
(~4.5 fold) than the ones expected for a ferromagnetic ma- All three compounds have similar critical exponents
terial, consistent with spin canting and/or noncollinear spin/ith values close to that of a 2D-Ising systems=1.75,
configuration pictures. S|gp|f|cantly larger than 1.24 for 3D IS|.ng or 1.39 for 3D-

The lowest frequency5 Hz) ), Fig. 4, data demon- He|senberg §y§ten?§Although the error in these fits is rela-
strates the independence of the peak temperatufgs (t|vely large, it is clear that the lower bound for theexpo-
~19.1,19.3, and 19.0 K, fan=7, 9, and 11, respectively nent would still be far _abO\_/e the 3D_ ones, suggesting that
on the interlayer distances. Thus the magnetic behavior ig1es_e systems have Ising-like behawo_r, Qes_p|te the absence
governed by the intralayer interactions and, therefore, thes%'c §|ngle—|on anisotropy. Such a behaworl IS Ilkely due to the
compounds are true 2D systems. anlsotropy caused by the additional DM |nteract|on. '

The sharp peaksgvariations of almost three orders of The f|eld_ dependence of the re_mar_lent magnetlzatl_on _and
magnitude over less than three degyermgest divergencies the normalized remanent magnetization—obtained dividing
of the susceptibility and, therefore, true phase transitionsin€ actual value at eachby the value at the lowest tempera-
ture measured 5 KM (T)/M (5K)—for all three compounds
are shown in Fig. 6. The low-field normalized remanence
data are consistently above the higher-field values and show
sharper temperature variations, the transition being best
probed at the lowest applied field of 5 Oe. These data were
used for static scaling analyses, to filid and the critical
exponentg:

Mor(Te—T)P. 4

The fits to the power law behavior beloly, Fig. 6, give
T.=19.9,19.8, and 19.5 K and unusually large valueg of
=0.81, 0.76, and 0.80 fan=7, 9, and 11, respectively. The
errors in the determination of these values is estimated to
about +10-15%, mainly due to the various possible
choices for the temperature ranges where data were fitted.
The final choices were made such that the region fitted was
beyond saturation and within the critical regirfranges of
reduced temperature of roughly 0.G96T—T.)/T.<0.1)
and such that the best fit could be obtained.

T (K) All three compounds have similar critical exponeits
with values significantly larger than the 0.128.3 experi-

FIG. 4. x}; of Cly(OH)3(CHoms 1C00), m=7,9, and 11, in  mentally for 2D Ising, 0.32 for 3D lIsing, or 0.36 for 3D-
hy=1 Oe(zero applied dc fieldat f=5 Hz. Heisenberg systent8.Even though the errors of these fits

%' (emu /mol)
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are relatively large, the lower limit of the values for the 3,
critical exponents are still much larger than any of the known X1eq=X1T 7X3hot - ~x1, (7)
B exponents. These large values deserve further study.

The nonlinear susceptibility can provide important infor- _ 3
mation regarding the existence of a phase transition, the na- Xzexflo= X2No T Xahot - - ~X2ho, ®)
ture of the transition, and the dynamics near the transition.
For a ferromagnefFM) the magnetizatiorM can be ex- § 2
panded in a power series with respect to the magnetic field, 4)(3'etho
H, as:

3 5 15 4 3 2
ZZX3h0+ 1_6X5ho+"'%ZX3h0' 9

Both second and third harmonicsf(and 3 responses,
Mew=Mo+ x1H+ xoH?+ xsH3+ - - -, (5)  respectively, for them=9 compound(again them=7 and
11 compounds have almost identical behatfiorFig. 7,

where My is the spontaneous magnetization, the linear  have relatively sharp peaksariations of aimost three orders
magnetic susceptibility, angt,,x3, etc. are the nonlinear of magnitude over a temperature range less than one degree
components of the susceptibility. The even nonlinear composuggesting divergencies of both these quantities and, there-
nents can be observed because of the lack of inversion synfore, true magnetic transitions. The peak in the second har-
metry with respect to the applied fieliFor a SG there is no  monic indicates that a spontaneous moment is formed at that
spontaneous magnetization avdcan be expressed in terms transition, while the frequency dependence of both compo-

of only the odd powers off:>? nents of the nonlinear susceptibility suggests slow relaxation
. processes and glassiness.
Mse=x1H+ xsH>+---. (6) We note that the fluctuations surveyed by both the linear

and nonlinear ac susceptibilities start above the transition

In the case of a small amplitude ac field and no applied dand peak(in the low-frequency limit at the critical point.
field the linear and nonlinear susceptibilities are related t@imilarly, the remanent magnetization measured in the dc
the harmonics measured experimentally®By: experiment has nonzero values even above the transition.
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FIG. 6. Normalized remanent magnetization for,DH)3(C,Hom: 1COO0), (8 m=7, (b) m=9, and(c) m=11 at 5<Hy <50 Oe with
power law fits. Inset: the unnormalized data.

These effects may be caused by impurities, the finite size odind 0.008, foom=7,9, and 11, respectivefy, place these
the system, the time of measurement, etc., but mostly by theompounds within the range of canonical spin glas&es.
instrumental resolution for measuring the applied fields and  Given the glassy behavior observed in the ac susceptibil-
the response of the systefh° ity data, we attempted to perform dynamic scaling analyses
for all three compounds, using the linear scaling procedure.
This procedure allows the determinationTqf, and the spin-
glass critical exponents separately and independently, avoid-
The frequency dependence of the real and imaginary paihg the usual log-log plot that often conceals departures from
of the linear susceptibility is shown in Fig. 8. The peak tem-scaling. Attempts to achieve data collapse using the spin-
perature ofy; increases while the peak height decreaseglass scaling expressions were not successful, likely due to
strongly with increasing frequency indicative of slow relax- the complex behavior of these systefapparent divergence
ation processes that characterize glassy beh&8rThe in the linear susceptibility and the presence of the second
values of the relative variation of the peak temperature peharmonic of the susceptibility to be discussed bélovhus
decade of frequency, AT,/T)/A(log;of)=0.003,0.008, these materials are not typical spin glasses.

B. Spin-glasslike behavior
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FIG. 7. Nonlinear susceptibilitiefy, exo| and |3 xsexh3| of
Cu,(OH)3rm(CgH,4CO0) measured atf2and 3, respectively, in  scribed by circular arcs of size (1a) 7 cutting they; axis
hy=1.3 Oe(zero dc field at frequencies 18 f=<3330 Hz. at xo and ys with a maximum atw7.=1. Noteworthy is the
shift of the data points from a nearly isothermal susceptibil-
The frequency dependence of the ac susceptibility preity above 19.5 K to a nearly adiabatic susceptibility below
sented in Fig. 8 indicates long relaxation times. A detailed18.7 K. As it will be seen below, this behavior corresponds
analysis of these relaxation times and their dependence ao a large increase of the median relaxation time when de-
temperature can be made using the phenomenological dereasing the temperature a few degrees through the transi-
scription of Cole and Cole® which involves a modeling of tion.
the dynamics at a given temperature onto a distribution of The parametera and 7, determined from the Cole-Cole
relaxation times that is symmetric on the logarithmic timeanalysis at eacii allow the construction of the distribution
scale. The Cole-Cole formalism introduces a parameter
a (0<a<1), which determines the width of the distribution 40T I I I I
of relaxation times,g(In 7), around the median relaxation

time, 7, :>°

3.5

1 sin(a )
9(n 7)= 3 Cosh(1—a)in(r/7)]—cos am)

(10

20

3 sof —
This distribution is determined based on the Cole-Cole equa-%

tion for the complex linear susceptibility: E °
1. 25| o -

a

X0~ Xs A

X1ccm Xst———— -2 11 s

I TR v

&

*

where y, and ys are the isothermald—0) and adiabatic
(w—0) susceptibilities, respectively.

. . 15 1 | | ] A
Based on the Cole-Cole equation one can determine ai s 10 15 20 25

expression fory](x1), which allows the fit of the experi-
mental dat&® Such fits(with «, 7., and the isothermal sus-
ceptibility as parameteysire presented in the Argand plot of  FIG. 9. Argand plotsy}(x}), and Cole-Cole analysis of data
Fig. 9, where the phenomenological Cole-Cole model is deshown in Fig. 9, for Cg(OH)3(CoH;CO0) at 18.xT<19.5 K.

%' (emu/mol)
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FIG. 10. Distribution of relaxation timesg(r) for
Cu,(OH)4(CgH;14COO0) obtained through Cole-Cole analysis of the 7E L

data shown in Fig. 9, at &T<20 K.

of relaxation timegFig. 10. As the temperature is decreased
through the transition the median relaxation time increases 2 La,
indicating the growth of the correlation length of the system _
of spins, while the parameter, describing the width of the %,
distribution of relaxation times, increases, reflecting the fact— [~
that the distribution of cluster sizes broadens. Such a behave s}
ior was seen in all three compounds, though only the analysis
for the m=9 sample(based on the data of Fig) & shown
here. TE 1 1 1 1 1 -
The temperature dependence of the median relaxatior o 153 lef() 2 e
time determined by Cole-Cole analysis for all three com-
pounds, presented in Fig. 11, shows thavaries almost six FIG. 11. Temperature dependence of the mean relaxation time
decades over less than three degrees. The divergence of thigtained through Cole-Cole analysis of the,. data for
relaxation time can be studied using scaling analysis basedu,(OH);(CHams 1CO0), (@ m=7, (b) m=9, and(c) m=11
on the scaling law: with power-law fits.

and ZFC curvesT, decreases with increasing the applied dc
field) reinforces the glassy behavior descriptf8fi*
) Specific heat data is plotted as the r&@i6T vs T in Fig.

The parameters obtained through such analysesTare 13(a). In the absence of a nonmagnetic sample with a similar
=18.7,18.6, and 18.3 K andv=6.1,7.7, and 5.6 fom  structure isolation of the magnetic component of the specific
=7,9, and 11, respectively. The error in the determinatiomeat is not obvious. However, a weak broad feature in the
of these values is estimated to about 15-20 %, again mainkytal specific heat is observed just above the temperature for
due to the various choices for the temperature ranges whefge magnetic transition, at about 21 K, where there is a mod-
data were fitted to a Straight line. The final choices reflect th%st change in slope, which we attribute to the magnetic spe-
best fits in ranges of reduced temperature of about 0.02ific heat. Weak features in the magnetic specific heat are
<(T—T¢)/T,<0.25. These values are much larger thanyery common in spin glasses and spin-glass-like systems
those found in pure systems without frustration, where because of the gradual freezing of the magnetic degrees of
~2 and v~0.6, but comparable to those found in spin freedom starting well above the spin-glass transition.
glasses, wherev is larger than 5, in some cases even larger The log-log plot of the specific heat shown in Fig.(4)3
than 1020°° reveals a roughly quadratic power law behavior. More pre-

The field-cooled(FC) and zero-field-cooledZFC) mag-  cisely, the exponents are about £8<2.2, depending on
netization curves for then=9 compound ;=7 and 11 the region of the fit, being closer tv~2 below the transi-
compounds have almost identical beha¥iprFig. 12, show, tion. This result is expected for both phonons and antiferro-
with decreasingr, a rapid rise just above 20 K. At lowdf  magnetic spin waves on a 2D lattice. It is, therefore, likely
the ZFC magnetization deviates below the FC magnetizatiothat the layered crystalline structure causé® @ehavior of
indicating history dependence of the magnetization processeRe specific heat in the temperature range probed. The cross-
in the T range wherey; shows frequency dependence. Theover to T3, expected for any 3D solid, probably takes place
field dependence of the bifurcation poify between the FC  at temperatures below 1 K.

7 (T—Te) 7. (12
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tization of Cu(OH)s(CoH,COO) in dc applied fields of §H., FIG. 14. x3 0f Clp(OH)5(C11Hz5C00), inho=1 Oe(zero ap-

plied dc field at various frequenciessf<10000 Hz.

<200 Oe.

The low-temperature dynamic susceptibility in zero ap-
plied dc field and various frequencies and in the presence of
various constant dc magnetic fields are shown in Fig. 14 and

N : : : : : " Fig. 15, respectively for the compound with=11. Figs. 14
T L and 15 display the data on logarithmic scales and in a wider
i . . range of temperatures, which allows the examination of the
- 14.a . . - . . . ..
® m=7 L magnetic behavior especially below the20 K transition.
b m m=9 . . The overall shape of the temperature dependencg; of
& A m=11 . . L. .
M / L remains qualitatively the same regardless of frequéfay.
g osf- E / - 14) or dc fields (Fig. 15. The in-phase susceptibility in-
= e - . creases with decreasifig has a peak and then levels off at
s 081~ L . low temperatures. The magnitude pf (which describes the
oL
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fluctuations in magnetizatigrdecreases monotonically with dence of the median relaxation times to power laws, have
increasingH 4. (Fig. 15, as expected, indicating that as the large values, reminescent of glassy dynamics. The specific
applied field is raised more and more spins are locked, oriheat data has only a weak broad feature at the transition,
ented by the dc field, and do not participate in fluctuationsconsistent with the spin-glass-like behavior. The small value
Also, the peak in the in-phase susceptibility shifts towardof the 5 K saturation magnetization, which is only a small
higherT asHc is increasedinset of Fig. 15. The presence fraction of the value expected for a spin-1/2 system, is con-
of the field compensates for the disordering effect of thermakjstent with spin canting and/or noncollinear spin configura-
fluctuations, allowing the “ordering” to occur at highét.  tions as well as with partial order. Furthermore, the leveling
Such behavior has been seen in Monte Carlo simulations Gjff below 10 K of the linear ac susceptibility with or without
2D Ising magnets’ a superimposed dc magnetic field suggests that some spin

It is important to note the leveling off of; at low tem-  degrees of freedom are preserved below the transition. It
peratures. While the usual 2D-Ising magnet has vanishingppears that the interplay of Heisenberg and DM exchanges
susceptibility asT decreases to zefthe constant ol x;  leads to an unusual state in which order and disorder seem to
seen in Fig. 15 indicates that fluctuations do not disappeatoexist.
for these compounds, consistent with the zero field dc data of We should note that, although very similar, these three
Fig. 12. Therefore, some spin degrees of freedom are precompounds do not have completely identical magnetic prop-
served at lowT, which is in accord with frustration playing a erties. For instance, there are some slight differences in the
crucial role in these systems. Given the nonuniform but peexchange constants agdvalues, in the saturation magneti-
riodic magnetic lattice, it is possible that one or more sublatzation and coercive fields, etc. These differences are likely
tices order below the critical temperatures20 K, while  related to the slight structural differences within the layers
at least one sublattice remains disordered even below' 5 K.between the three systeifs.

Also, although there is a general consistence of some of
the results of the scaling analyses, some puzzling questions
IV. DISCUSSION persist. One is related to the unusually large values of the

All three systems show very similar magnetic propertiescritical exponent3. A second question is related to the dif-
despite the large differences between the interlayer distancefgrent values of the critical temperature obtained through the
The magnetic behavior must, therefore, be determined by théarious scaling analyses. The relatively large error bafg in
intralayer interactions, which are expected to be very similar(e€stimated generally te-10%) show that the different val-
based on the intralayer structural similarities between théles are within the accuracy of our data and of our fitting
three compounds. The absence of single-ion anisotropy at tHigocedures. The values that we believe best describe the tran-
spin carrying sites and the presence of oxygen mediated sgition in these systems are the ones obtained through the
perexchange pathways lead to strong isotropic Heisenber§ouvel-Fisher analysis. In that case the estimated errors
antiferromagnetic exchange, which on a triangular latticevere at a minimum, despite the fact that the fitting procedure
causes spin frustration. The slight differences in the environrequired taking the derivative of the susceptibility data.
ment of adjacent Cu sites causes a weak DM exchange, It has been known, that in real compounds, there usually
which favors spin canting leading to anisotropies. exist either symmetry-reducing lattice distorti&hsr addi-

The antiferromagnetic correlations revealed by the dc sugional interactions, which relieve frustration and allow the
ceptibility data show that the Heisenberg antiferromagneti®ystem to order at a temperature determined by the dominant
exchange is indeed the dominant interaction. Moreover, thénteraction strength. In the case of our compounds we pro-
fits to high-temperature series expansions indicate that theose, based on both structural information and magnetic
high-temperature behavior of these compounds is consistefita, that the additional DM interactigwhose strength was
with that of a TQHAF. At low temperatures the deviations estimated to 5 K, about ten times smaller than the Heisen-
from the TQHAF predictions, together with the strong peaksberg exchangeis the cause of the anisotropy leading at low
in both the linear ac susceptibility and its harmonitise  temperatures to 2D Ising-like behavior.
second harmonic indicating the developing of a spontaneous The spin-glass-like behavior seen in these compounds has
momenj suggest a canted antiferromagnetic type of orderfeatures similar to typical spin glassbe relative variation
ing, consistent with the presence of weak DM interaction. of the T, in x; per decade of frequency,

The nature of the low-temperature phase is very unusualAT,/Ty)/A(logsof), as well as the dynamical critical expo-
however. The sharpness of the peaks in the linear and nomentg but the evidence for canted antiferromagnetic ordering
linear susceptibilitieqorders of magnitude variations over shows that these systems cannot be simple spin glasses.
only a few degreessuggests divergencies and, therefore, a In the case of triangular Heisenberg AF’'s with Ising-like
true phase transition. The critical exponents obtained bynisotropy it was suggested that site dilution produces a ran-
Kouvel-Fisher scaling analysis of the linear susceptibilitydom anisotropy field that leads to low-temperature properties
suggest a 2D Ising-like low-temperature phase. Howeversimilar to a 2D-Ising spin glas¥.Numerical studies consid-
this simple picture is complicated by the strong frequencyering the appropriate amount of impurities lead to good
dependence of the linear ac susceptibility and the irreversagreement with experimental specific heat &atanfirming
ibilities present in the FC/ZFC magnetization dasdth field  the initial suggestion that the glassiness in that system was
dependence of the bifurcation temperajundich indicate  due to site disordet® A spin wave analysis of the triangular
spin-glass-like behavior. Moreover, the dynamic critical ex-quantum Heisenberg AF with vacancies found that frustra-
ponents obtained through Cole-Cole analysis of the dynamition remains the dominant influence even in the presence of
susceptibility, followed by fitting the temperature depen-defects and, also, that the magnetic properties depend on the
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relative position of the vacancies and not simply on theirrange order and spin-glass long-range order predicted for the
distance of separatidi. diluted fcc AF®® while the other is “partial order” proposed

It is questionable that the glassy behavior in our com-for the bcc Heisenberg AEIn the absence of clear evidence
pounds could be attributed solely to the existence of frustrafor structural disorder the first possibility seems less likely.
tion, especially as the degeneracy of the ground state of Bloreover, given the nonuniform but periodic magnetic lat-
classical THAF is not macroscopic. It is unlikely that suchtice it is conceivable that some of the spins will be interact-
degeneracy can lead to a disordered state. More likely, it i;ng more strongly than othergin particular the absence of
the interplay between the Heisenberg and DM exchangeBM interaction between spins on particular sites might give
(the former causing frustration, the latter causing anisotropgxtra freedom such that ordered and disordered sublattices
in the spin orientationthat might lead to a rough free-energy might be formed. Therefore we are lead to speculate that the
landscape responsible for the glassiness observed in thekmv temperature state might be partially ordered. The possi-
systems. If the frustration caused by the Heisenberg exbility of partial order in these compounds is, however, an
change could be released, in the absence of other interaopen question and deserves further consideration. A deeper
tions, by a 120° noncollinear spin configuration, the spinunderstanding of this apparent coexistence of canted antifer-
canting favored by the additional DM interaction may op-romagnetic and spin-glass-like characteristics awaits theoret-
pose such tendencies and lead to spin freezing along anisatal studies of systems with both Heisenberg and DM inter-
ropy directions. The influence of DM interaction in metallic actions.
spin-glasses and re-entrant spin-glasses has been discussed in
the past and it was shown that the DM exchange seems to V. CONCLUSION
play a role in the observed macroscopic irreversibility in
such system®

It is difficult to address the role of structural disorder on
the magnetic behavior of our compounds because of the lim:
ited strguctural information availagle at this tie®® The  C%(OH)s(CrHzm.,CO0), m=7,9, and 11.

. . We proposed that the unusual behavior of these three
x-ray powder diffraction revealed the layered structure an : : .
the presence of crystallites, while the TEM micrographgrQHAF systems is determined by the interplay between the

showed interference patterns usually seen in structurally Oljjelsenberg exchange, _causmg.geom(_atncal frustration, and
the DM exchange, leading to spin canting. Instead of choos-

dered system&! It is possible to have some site defects andin between the resonant valence bond or noncollinéal Ne
dislocations in the lattice, which, along with possible surface 9
round states, we proposed that these systems evolve, due to

effects, might also play some role in causing some of th - . . e
glassy behavior. However, given the strength of the interac-he additional DM interaction, toward a finite temperature

tions involved (2~60 K andD~5 K) we speculate that 2D Ising-like canted antiferromagnetic state. Geometrical

any effects due to possible structural disorder are in faCErustranon, together with the anisotropy caused by the addi-

hidden(as it was proposed for some nominally disorder-free lonal DM interaction, proves to be strong enough to cause

geometicaly ustared compourds by the more mpor e 19 % SP1 TeSE10, sow relaton processes, ang
tant ones caused by the two major interactions. g X play 9 g

. . leads to an unusual state in which order and disorder appear
Quantum fluctuations are very important at low tempera-to coexist

tures, even though it is still debated whether they cou ld_ be We also speculated that the effects of structural disorder,
strong enough to prevent the pure TQHAF from achieving

zero temperature noncollinear magnetic LEQGiven the quantum fluctuations and interlayer interactions are likely to

relatively high temperature where the transition Occursbe hidden at the relatively high temperature of the transition

o . -~ “due to the strength of the main two interactions. We sug-
(~20 K) and the strength of the additional DM interaction . : .
it is unlikely that quantum fluctuations play the crucial role gested that glassiness in our systems is different from that

. N ' found in typical spin glasses. Based on structural information
even though their contribution cannot be ruled out. : .
. . X . . we proposed that these systems are candidates for studying
The interlayer interactiofsuperexchange or dipole-dipole

. . o Partial order as the interactions are nonuniform but periodic,
interactior), expected to be negligible based on the structural S . T .
. C ith possibilities for making distinctions between the various
data, do not affect the magnetic behavior in the range of .
. ~Sublattices.

temperatures probed, as all three compounds have very sinii-
lar behavior despite the large differences in interlayer sepa-
ration. If 3D behavior could be seen in these compounds, it
should be at temperatures much lower than 20 K and prob- We thank Randall C. Black and Jost Diederichs from
ably less than 1 Kbased on specific heat data Quantum Design for providing the specific heat data. We
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