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We report on the low-temperature magnetic susceptibilities and specific heats of the isostructural spin-ladder
molecular complexek,[ M (opba)];- xXDMSO- yH,0, hereafter abbreviated hy,M 5 (WwhereL=La, Gd, Tb,
Dy, Ho andM =Cu, Zn). The results show that the Cu containing compleixeth the exception of LgCus)
undergo long-range magnetic order at temperatures below 2 K, and that fGugttis ordering is ferromag-
netic, whereas for T{Cu; and Dy Cu, it is probably antiferromagnetic. The susceptibilities and specific heats
of Th,Cuz and Dy,Cu; aboveT have been explained by means of a model taking into account nearest-as well
as next-nearest-neighbor magnetic interactions. We show that the intraladder L-Cu interaction is the predomi-
nant one and that it is ferromagnetic for=Gd, Tb, and Dy. For the cases of Th, Dy, and Ho containing
complexes, strong crystal field effects on the magnetic and thermal properties have to be taken into account.
The magnetic coupling between ttferromagnetitladders is found to be very weak and is probably of dipolar
origin.

DOI: 10.1103/PhysRevB.68.184405 PACS nuni®er75.30.Gw, 75.40-s

I. INTRODUCTION cial; most of the interest has been focused on the Gd-Cu
combination because of the very frequently found ferromag-
In today’s search for smaller, faster, more selective andetic character of the Gd—Cu interactidr? Coupling those
efficient products and processes, the engineering of wellblocks in a 3D lattice would produce molecular magnets and
defined spatial microarrangements of pure and compositpossibly ferromagnets.
materials is of vital importance for the creation of new mag- In an extended polynuclear complex, namely,,(&ot)
netic devices. A possibility to assemble microstructures in a<[ Cu(pba)ls[ Cu(H,0)s]-20H,0 [hereafter abbreviated
controlled way is to use molecular-based materials. The dewith Gd,Cus(pba)] with pba=1,3-propanediybxamatg,
sign of novel ferromagnetic molecular materials is certainlynot only was the ferromagnetic coupling of the Gd-Cu inter-
among the stimulating subject$n such a context, molecular action recently reported, but also the onset of a long-range
complexes based on transition metal ions are good candimagnetic ordet>® The crystal structure of this compound
dates because the procedures for predicting the ferromagonsists of layers of double-sheet polymers separated by wa-
netic nature of the interaction in this class of materials havéaer molecules. A puckered arrangement of Galpba] units
become fairly well establishéd® However, such an under- forms a two-dimensional honeycomb pattern connected by
standing is much less advanced when a lanthanide ion isxalato groups. DiscreteCu(H,0)s]%* entities are inter-
involved. Magnetic investigations concerning molecular maspersed in the gap between the layers. From specific heat
terials containing lanthanide and transition metal ions haveneasurements, the onset of low-dimensional short-range or-
been overlooked until recently due to the weak interactionsler was found at temperatures around 1.5 K. By further low-
present and the complications added by the orbital contribuering the temperature, the phase transition to three-
tion of lanthanide ioné.The case of Gd with &S,, single-  dimensional ferromagnetic long-range ordering was
ion ground state and a quenched orbital contribution is spesbserved atT-.=1.05 K. This compound represents a
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FIG. 1. Relative dispositions of the ladders:
(a) schematic view of the ladders projected in the
ac plane;(b) view of two neighboring ladders in
the bc plane. The lanthanide ions are located on
the sides of the ladder and occupy each corner,
while each transition metal ion is between two
lanthanide ions along the sides and in the rungs.

molecular-based ferromagnet involving lanthanide ions.  ladders are low-dimensional magnetic quantum systems that
Although long-range ferromagnetic order has thus beeronsist of two or more strongly magnetically coupled chains
found in GdCus(pba), this material is isotropic due to the of spins and are thus intermediate between one and two di-
fact that both the Gd ions and the Cu ions are magneticallynensional magnetic systems. The magnetic properties of
isotropic. A successful method to increase the intrinsic anspin-ladder systems have received a renewed experimental
isotropy is to synthesize intermetallic lanthanide) (and  and theoretical interest since the discovery that the micro-
transition metal 1) compounds, where thie has an orbital ~scopic mechanisms in such systems may be related to the
contribution, that introduces the anisotropy that the transitiorones governing higi superconductivity™!In addition to
metal is lacking. Such a strategy has of course been appligd/O),P,0;, that has been recently shown to be an alternat-
in research on metallic ferromagnets, such asfégB. The  ing spin chaif® rather than a spin-ladder as previously
strong orbit coupling withirL, on one side, and the intense thought?* a number of cuprate materials have been proposed
L—M exchange coupling has the net effect of polarizing theas examples of spin-ladder systems, such as St
two sublattices in a direction, thus creating a strong uniaxiaLaCuQ, 5,% (CsH1,N),CuBry, % and
magnet, albeit, in a restricted temperature rediothe same  (5IAP),CuBr,- 2H,0.?” The research on novel molecular
method in trying to increase the uniaxial anisotropy has beenomplexes with ladder geometries is a very important task
applied in a series of molecular compounds based amd  for a better understanding of the physics behind these com-
M ions, by choosing the that induces such anisotrogfirst ~ plex systemg®
condition, while expecting that the.—M interaction re-
mains ferromagnetic and of similar ir_1t-ensity to tha.t inthe || STRUCTURAL AND EXPERIMENTAL DETAILS
Gd,Cuz(pba) compoundsecond condition The L anisot-
ropy of the ground state depends on the crystal field acting Information on the structure of thie,M 3 series of com-
on the orbital moment. pounds has been provided in detail in Refs. 29, 30. Here, we
In what follows, we shall describe the magnetic and thersummarize the most important information in view of the
mal properties of a series of isostructural complexes baseanalysis of the magnetic properties given below.
on lanthanide and transition metal ions. The general chemi- The compounds crystallize very poorly and, consequently,
cal formula of the compounds here studied isa complete x-ray diffraction analysis could not be performed
L,[ M (opba)];-xDMSO-yH,O (hereafter abbreviated by to determine the structure. Instead, the wide-angle x-ray scat-
L,M3) whereL=La, Gd, Th, Dy, Ho andM =Cu, Zn, and tering (WAXS) technique has been used to obtain structural
opba stands foortho-phenylenebi®@xamat9, while DMSO  information. Even though the WAXS technique cannot give
stands for dimethylsulfoxide. In view of previous waiRef. ~ the exact structure as compared to a full x-ray diffrac-
18) proving that theL-Cu exchange for light substitutions tion study, it has been successfully applied in several cases,
is antiferromagnetic, thus not fulfilling the second necessaryor instance to structurally characterize inorganic poly-
condition above mentioned, we have chosen to explore onigners®*  Furthermore, a complete structure determina-
the heavyL substitutions. Out of these, the most promisingtion by x-ray diffraction has been carried out on a related
are the Tb and Dy substitutions, where there are alreadgnd very similar spin-ladder compound, namely,
evidences of ferromagnetic coupling with Cu from suscepti-Tm,[ Cu(opba);- XDMF-yH,0 (x~10,y~4). This crystal
bility measurements, while no hint of such was found for Er,structure has therefore been utilized as a starting point to
Tm, or Yb!® Recently, we have also reported, by means ofinterpret the WAXS data for the,M; compounds.
specific heat experiments, the onset of long-range magneti- The analyses strongly suggested that the structure of
cally ordered states in the Tb and Dy substitutedL,Mj is likewise based on a discrete, infinite ladderlike mo-
compounds? In this article we combine the thermal proper- tif, as shown in Fig. 1. The sidepieces of the ladder consist of
ties of L,M5 together with low-temperature susceptibility L,[ M (opba)]; units developing along the direction with
measurements, and explain the obtained results by means af alternation oL (lll) and M(ll) ions. Rungs provided by
theoretical calculations. the precursof M (opba)]?>~, located between twad. ions,
Another interesting property of this series of isostructuralconnect the sidepieces. Thhe-M distance across an oxa-
complexes is that they exhibit a spin ladder structure. Spimato bridge is~5 A, while the distance between twio
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ions across avl(opba group is~11 A . The shortest dis- 20 {— —— —————
tance between twa ions (=10 A) involves nonconnected
L ions belonging to two sidepieces of neighboring ladders. - 15-
EachL ion is surrounded by seven oxygen ions, six of
which belong to three opba ligands and one to a water mol- GE,
ecule. TheL coordination polyhedrons may be described as = 101
capped trigonal antiprisms. All the compounds are highly o ]
solvated with DMSO and §D molecules, and the exact E 5 |_az(;u3 i
N

-
-
s

5
<
XX

2T (emu K mol)

0 20 40 -
T(K)

number of noncoordinated solvent molecules is not known

accurately. Some of these molecules are easily removed.

Therefore, there is some uncertainty in the molecular weight 0

of the compounds and consequently in the absolute value of

the molar susceptibility and specific heat. 1.2
The experiments done in the course of this work consisted

primarily in measurements of three quantities: magnetic sus-

ceptibility, magnetic moment, and specific heat. Magnetic

moment and susceptibility data down to 1.7 K were obtained

with a commercial SQUID-based magnetometer with an ac

option. The ac susceptibility of GEu; in the temperature

range 0.1 K<T<3 K was measured in Zaragoza with a

mutual inductance technique in a dilution refrigerator. The 0.0-M .

excitation amplitude was 10 mOe and the frequerfcy 0 5 10 15 20

=160 Hz. The signal was measured by means of a low- T (K)

impedance ac bridge, in which a SQUID was employed as a

null detectoP? The low-temperature susceptibilities down to  FIG. 2. Top: Experimental molar susceptibility of 4Gu,. In

5 mK of Th,Cuz, Dy,Cu;, and HaCu; were measured in the inset: the same data plotted gk vs T. Bottom: Inverse of the

Leiden with an ac susceptometer directly mounted inside tha-phase susceptibilities of GAn; (®) and G4Cu; (O). In the

mixing chamber of a dilution refrigerator. The frequency of inset: xT vs T for Gd,Zn,.

the experiments wak=520 Hz. The data in the overlap re-

gion between 1.70 ah3 K were used to convert the low- formalism the dc-susceptibility measurements bpM 3,

temperature data from arbitrary into absolute units. The spewith L=Th, Dy, Ho andM =Cu, Zn, which already appeared

cific heat measurements on £&ly, Gd,Znz, and DyCug in Ref. 18.

in the range 0.2 k< T<5.7 K were performed in Zaragoza  The ac susceptibility of G&Lu; was measured with a

by using an adiabatic calorimeter cooled by adiabatic demag¥equency of 90 Hz and an amplitude of 4 Oe of the exciting

netization, using the heat-pulse technique and Ge thermontield. The dc measurements of Ref. 18 were performed in the

etry. The error on the specific heat has been estimated to hlemperature range 2—300 K, with a magnetic field of O@.

less than 59° The specific heats of H&u;, Ho,Cu;, and  Diamagnetic corrections of the constituent atoms were esti-

Ho,Zn; were measured down to 0.1 K in Leiden using amated from Pascal's constants as291x 10~ % emu/mol.

thermal relaxation technique. The calorimeter was mounte@®ue to the abovementioned uncertainty in the molecular

in a dilution refrigerator and connected to a cold sinkweights, it was assumed that for each compound the maxi-

through a calibrated heat link. All data were collected onmum expected value for the Curie constant was reached at

16.0

o
o0}
1

2T (emu K mol™)

7" (mol / emu)
o
Y
1

powdered samples of the compounds. 300 K, and the experimental data were rescaled accordingly
when necessary.
. MAGNETIC PROPERTIES ABOVE 2 K Hereafter we use the notatiah J', andJ” for the ex-

change constants of theCu, Cu-Cu, and. — L interactions,

~ Magnetic properties of systems containing lanthanidgespectively(negative values stand for antiferromagnetic in-
ions, such a&,M3, are significantly influenced by the inter- teractions.

action between a lanthanide ion and the surrounding ions in

its direct environment. As a result, when a free lanthanide

ion is placed in a crystal, its 2+ 1-fold degeneracy is par- A- La,Cus, Ga,Cus, and GaZns

tially lifted through electrostatic interaction between fts The magnetism of L&u;, where the lanthanide ion is
electrons and the charges of the surrounding ions. The mutliamagnetic, allows an estimate of the underlying Cu-Cu in-
tiplet is split into a number of states, which can appropriatelyteraction. The single-ion magnetic properties of(lQuare

be termed the crystal fieldCF) states. Magnetic susceptibil- fairly straightforward. Spin-orbit coupling causes theal-

ity measurements may offer valuable informations on the Cries of the lowest Kramers doubleS< 1/2) to lie in the
splittings. In this section we shall first present ac-range 2.0 to 2.3. Figure 2 shows the data of@ia, which
susceptibility data above 2 K of L&u;, Gd,Cu;, and can be fitted to a Curie-Weiss law with=—0.2 K. This
Gd,Zn; for which the CF effects can be neglected. Thereafsuggests that, even though the distances in the ladder be-
ter we shall briefly review and reanalyze in terms of the CFtween next-nearest copper ions are as long-48 A , they
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still interact with each other with a weak antiferromagneticnide ion instead of the seven coordination found for
superexchange coupling. Takirg=1/2, /=—-0.2 K andz = Tm,[ Cu(opba);-xDMF-yH,O (x~10,y~4), which crys-
=4 for the number of nearest neighbors for each copper iortallizes in orthorhombic geometfy:** Although these sim-
the mean-field expression for the Curie-Weiss temperéture plifications may seem somewhat insatisfactory, the lack of a
provides the value 08'/kg=—0.2 K for this Cu-Cu inter- precise knowledge of the actual coordination parameters
action. (distances, angledor the variousL ions inL,M5; does not

Gadoliniun(lll) has a®S;,, ground state; the orbital con- actually justify more sophisticated treatments. Within this
tribution is almost entirely quenched and very isotrogic approximation, the prediction of the type and the relative
values close to the free electron value are found. For temerder of the CF split levels is greatly simplified. We use the
peratures above 2 K, the in-phase ac susceptibility ofaluable paper of Lea, Leask, and WGIfLLW) which pre-
Gd,Cus follows a Curie-Weiss law with=2.3 K andC dicts both order and type of level in cubic symmetries for
=16.4 emu K mol?, indicating the ferromagnetic nature of each value of the angular momentum and for all ratios of the
the compoundFig. 2). In the limit T> ¢, the paramagnetic crystal field parameters.
susceptibility can be described by The crystal field acting on the lanthanide ion in octahedral

geometry can be represented by the Hamiltonian
C 2 Cgyt3Cqy
B S — 3.9 Her=B4(05+50%) + Bg(08—2103), (3.2

where theO| terms are angular momentum operators. The

whereCgq= Nu2:(Gd)/Zg is the Curie constant of the two . .
cd=Nuey( Gd)/%e parameterB,, is related to the strength of the crystal field

gadolinium ions andC¢,= N,uﬁﬁ(Cu)/:kB is the Curie con-

stant of the three copper ions. TakilS}q=7/2, Sc,=1/2, components
andggg=9c,= 2.00, one obtains Bn=anA2<r“>,
C=2 Cgqt+3 Cc,=16.8 emu K mol'?! where a,, is the operator equivalent factos, B, y for n

L : : : =24 ivelyA? ing tmth de-
which is in satisfactory agreement with the experimental .5, regple:ctlvilﬁn afre parr?metgrs rhelatlngt h dle .
value (16.4 emu K mol%). The same mean-field analysis gree potential on the ion from the ionic charges of the lattice,

used abov¥ gives the value of/ks=0.5 K for the Gd-Cu and(r") are the expectation values for the distances of the
s— VY. -

O n . . .
exchange coupling. The origin of the ferromagnetic nature oflf electrons. Th? produdd,(r >. IS Qet(_armmed to the first
the Gd-Cu interaction is further discussed in Sec. V A order by geometric factors and in principle can be calculated.

. . . : . LLW have determined the eigenfunction and eigenvalue
ZnV\:ESQ tt?]g Z%gii;;?b%%flzzunbsggﬁ%dbbg g;(a;)rg;ger&e;t:)c solutions for the Hamiltonian equation for applicable values
1 3 .
follow the Curie law for two isolated Gd ions. Nevertheless,Of the angular momentum_and the full rangeBaf/BG ratios.
Fig. 2 shows that the Curie behavigvith the expected value They have constructed diagrams for the eigenvalues of the
of C=15.7 emu K mol 1) is no longer maintained below 10 crystal field levels of each angular momentum in terms of a

K, since a slight de(l:rease of thd product from 15.7 down quantityx, defined as
to 14.8 emu K mol - at 2 K isobserved. The data are better 0/.4
described by a Curie-Weiss law with= —0.1 K. Such a X F(4)B4: F(4)BALr >: %
deviation may be due to a weak, antiferromagnetic Gd-Gd 1-|x| F(6)Bs F(6)yAYré) bg'
interaction of dipolar origin. Since the Gd moment is large,
dipole-dipole interactions could show up in the susceptibility
at temperatures as high as 10 K, given the nearest-neighb
Gd-Gd distance of 10 A . Of course it may also be attributed®
to a weak antiferromagnetic superexchange coupling actin
between the Gd ions. The mean-field analysis provides th
value of J"/kg=—6x10"2 K for this interaction, on basis
of the obtained value.

where —1<x<1, and F(4) and F(6) are multiplicative
chtors. Then, the susceptibility can be easily calculated for a
Iven angular momentum and a gyromagnetic ratio. In the
mainder of this section, we discuss the susceptibility'8ata
f L,Zng (with L=Tb, Dy, Ho compounds and we explain
them in terms of the LLW scheme. Only the temperature
region below 40 K will be considered, since only the contri-
bution of the lowest lying levels needs to be taken into ac-
count. These approximations are allowed in view of the large
B. TbyZns, Dy,Zns, and Ho,Zn, size of the level splittings compared to the low-temperature
As mentioned, for a lanthanide ion with a nonzero orbitalregion of interest for our experimentmainly below 10 K.
moment, such as Th, Dy, or Ho, the effect of the crystal fieldThis is confirmed by the specific heat analyses given below,
on the magnetic levels has to be taken into account. In orderhere we shall show that only few CF levels are actually
to study the CF splittings foc,M 5, we consider the suscep- involved in the magnetic ordering processes.
tibility measurements for thil =Zn compounds to avoitbr Let us start with ThZn;. Compounds of non-Kramers
reduce the complication of magnetic exchange interac-lanthanide ions, such as ), often have a singlet elec-
tions. To simplify the analysis we consider the lanthanidetronic ground state separated by an enexgyom an excited
ions in a cubic geometry, so that the number of crystal fieldsinglet state. In a cubic field, thé ¢ state of Tb is split into
parameters is minimized. As a further simplification, two singlets {"; andI',), one nonmagnetic doublel'§) and
we consider an octahedral coordination for each lanthathree triplet§ 'y, T'$Y, andT'{].
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’g 04 "=-1.0K singlet
[0
2 02K Tb22n3
g 02 - free ion .
= singlet
kS

T3 2 & & 10

T (K)

1.6 -
Z 12 #~" 1 doublet
I TN
S 0.8 freeion | 137K Dy22n3
£ o4 | doublet '
" ouble T (K)

0.0

0 10 20 30 40
T (K) FIG. 4. Experimental specific heats I0§M 3.

16 -
510 Holmium(lll) is a non-Kramers ion, with &l ground
g triplet state. The crystal field splits the ground state into one singlet
%08 TN Ho Zn (I';), two nonmagnetic doublefd"{" andI'?], and four
S . free ion 8.3K 02 3 ; (1) 2) (1) (2) ;
€ 04 triplets[I';”, 'y, I't”, andI'y”’]. The LLW diagram(see
. ‘_ doublet Ref. 35 is complicated, with many level crossings, which
R o.oo' o 20 30 40 make simple choices difficult. For octahedral coordination

with |x| ~0.45, as in the Tb and Dy cases, one expedt§a
ground state with"(? the first excited state within a distance
FIG. 3. Top: Experimental inverse susceptibility for,Zn;.  of not more than~20 K. The fit to the HeZn, data(Fig. 3)
The solid line is the calculated inverse susceptibility taking intojs in agreement with this, yielding the value &f=8.3 K for
accountA=0.2 K andJ"/kg=—1 K for the Th-Tb interaction. For  he FSZ)_FSZ) separation.
explanations, see text. Center: Measured and calculated inverse SUS-To summarize, the susceptibility data presented here for
ceptibilit_y_f_or Dy,Zn;. Bottom: Measured and calculated inverse the Th, Dy, and Ho containing compounds, as well as the
susceptibility for HgZns. specific heat analyses presented below, can be reasonably
o ) o accounted for by assuming cubic symmetry and octahedral
The measured susceptibility of 320, is shown in Fig. 3. ¢oordination for the lanthanide ions. The consistency of the
The data at low temperatures are well described by two sinyna|yses is derived from the fact that the factarould be
glets split byA=0.2 K. In the LLW scheme for octahedral {axen at approximately the same value Q.45) for each
coordination, such a situation corresponds [i9~0.45  compound. This is what one would expect for a series of
where the ground state can be eitligror I' (see Ref. 35 jsostructural compounds in which the lanthanide ions most
The assignment will be confirmed by the specific heat analypropably have the same local coordination.
sis presented below. For this simple case of two separated
singlets, to improve the quality of the fit, we used ultimately
a model in which a weak antiferromagnetic exchange inter- IV. VERY LOW-TEMPERATURE PROPERTIES
action acting between the terbium ions has been taking into | the following sections, we present the thermal proper-
account. The mo_del is explained in deta_il in the AppendiXjes of theL,M 3 compounds in the temperature range 0.1 to
and employed in Sec. VB to explain the very-low- 10k and their magnetic properties down to 5 mK. We first
temperature magnetic and thermal properties 0fClB.  gpalyze the lattice contributions to the measured heat capaci-
Based on the Hamiltonian of E¢A1), the fit provides the  {jes “and then describe the results inferred from susceptibility,

value of J"/kg=—1 K for the Tb-Tb interaction. magnetization and magnetic specific heat for each compound
For the case of dysprosiuitl ), the crystal field splits the ot the series.

®H 5, ground state into two Kramers doublefSg(andI';)
and three quartetel'§", T'{?), andT'{®)] (see Ref. 35 In
octahedral coordination witfx|~0.45, as estimated for the
previous case of Th, one anticipates a doublet as the ground Figure 4 shows the collected zero-field specific heat data
state ("¢ or I';) with the higher state being the other doublet of the L,M; compounds as a function of temperature. As a
(I'; or I'g, respectively. The fit to the DyZn; data(Fig. 3)  first step, we have estimated the lattice contribution for each
is in agreement with a low-lying doublet being eitigy or ~ compound by fitting the high-temperature data to a sum of a
I'; separated byA=13.7 K from I'; or I'g, respectively. Debye lattice contribution @ /R=8 T3 and a high-
Also this assignment will be confirmed by the analysis of thetemperature limiting tail € T~2) of the magnetic anomaly.
specific heatsee below The results for thes parameter are given in Table I.

T(K)

A. Phonons contribution

184405-5
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TABLE |. Experimental lattice contributionsQ;/R=BT?) as 7

estimated from the data in Fig. 4. The valygésare expressed in 151
(X102 K3). 10'_ GdzCu3
GdzCU3 szCU3 Dy2CUg HOZCU:; Gdzzn3 H022n3 A 5 ._ T = 1 70 K
3 L
B 3.2 15 8.8 1.2 1.1 2.9 Al
g L
The WAXS analysis has shown that theM ; compounds ss 10 |

have similar structuressee Sec. Il and references thejein
Consequently, one expects also a similar lattice contribution -15}
for each of them. Indeed, the estimat@dralues for five of L Y
the compounds studied fall into a fairly narrow range be- 50 -40 -30 20 -10 0 10 20 30 40 50
tween 1. 1072 and 3.2< 102K 3. Since the coefficiens H (KOe)

depends on the third power of the Debye temperature, such a
limited variation appears quite acceptable. The only excepFoop atT=1.70 K for GgCu;. The dotted line represents the Bril-
tion is Dy,Cus for which 5=8.8x10 K™%, a value much 1in functions as calculated from E6g.1).

higher than the others. The reason is presently not known. It
is important to note that, however, the magnetic specific hegjiye estimated for the susceptibility of a ferromagnetic
for Dy,Cu; obtained after subtracting the phonon Spec'f'csample of GeCu; at Te is xid(Te)=N"1=~(70
heat, appears to yield a magnetic entropy that agrees with th§20) emu/mol, where\ is the demagr%tizing factor calcu-

value expected for a doublet ground state. The magnetic Cofjsse § taking into account an ellipsoidal approximation for the
tributions to the specific heats of all theM; compounds  yaometry of the sample. Within the error this is equal to the
discussed in the following sections were obtained by s“béxperimental result.
tracting the abovementioned lattice contributions. An interesting feature, that is discussed latSection
V A), is the in-phase susceptibility variation with the tem-
B. Gd,Cu; and Gd,Zn, perature foilT<T. (Fig. 5. Just belowT ¢, the susceptibility

s goes through a minimum and further lowering the tempera-
ture reveals a rounded anomaly for 0.1<KT<1 K.

Figure 6 shows the variation of the experimental magne-

FIG. 6. Field dependence of the magnetization and hysteresis

We have already see(Bec. lll) that for temperature
above 2 K, the in-phase susceptibility of &l follows a
Curie-Weiss law withh=2.3 K, indicating the ferromagnetic ,.__ . .
nature of the compound. The low-temperature in-phase su%}zit'?%nKM _versysttf;)el f'eldt:;' for_t'thcle ttemperatturg;T
ceptibility of Gd,Cu; is depicted in Fig. 5 as a function of — - , 1.€, Just below the cntical temperatur d .
the temperature. A sharp peak is observedrat 1.78 K =1.78 K). No hysteresis effect is observed. Additional evi-

which is probably due to a transition to long-range magneticdencef Iﬁr the ferrtc?m?gnetlc coupling 'f‘ %a'?r?d b3|/ C?Tpgrt')'
order. A large value of the susceptibility is found at the maxi->0" OF th€ magnetization measurements fo the calculated be-

mum (65.9 emu/mal This behavior is typical for a pow- hﬁwor for 'Ithg’\ljncou%ed case. If (tjhe r?agnetlc centers were
dered sample of an isotropic ferromagnetic material in whict!! Uncoupiedviwould vary according 1o

demagnetization effects become important. The theoretical
g P M =2NgcateScdB 72 7cd) + 3NIcutsScB1/A 7cu)

80 4.1
] Gd Cu._| where B;»(7gq) and By(7¢c,) are the Brillouin functions
2773 for Gd and Cu ions, respectively. The saturation magnetiza-
60-& % . tion would be given by
®
. M =(296aSedt 3dcuSc)Nup=17Nug .
40- % O experiment i

The calculated magnetization far=1.70 K as derived
from Eq.(4.1) is displayed in Fig. 6 together with the experi-
204 ] mental curve. It can be observed that the experimental data
saturate at the predicted value and they lie above the expres-
sion of Eq.(4.1) in the whole temperature range. Such a
behavior clearly indicates that the predominant interaction,

o 2 4 & 8 10 i.e., the Gd-Cu interaction through the oxamato bridge, is
T (K) ferromagnetic.
Let us now discuss the magnetic specific heat data by

FIG. 5. Experimental molar in-phase susceptibility of,Gd, ~ Presenting first the result for the &Gth; compoundFig. 7).
versus temperature and theoretical estimatiordfeg=0.74 K(see A sharp increase appears when lowering the temperature be-
Sec. V A for explanations low 1 K. Due to incomplete achievement of the ordering

(0] —fit: J/ k,=0.74 K

¥ (emu / mol)

o

184405-6



MAGNETIC AND THERMAL PROPERTIES OF 4-3d. .. PHYSICAL REVIEW B 68, 184405 (2003
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JIky=56K
0.9 J'ky=Jd"ky=-1K
80- gTb Z 128K -
A= 0.
X 54
< 0 Tb . Cu,|
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@) - ' ' '
0.3 1 601 (O) 3 24 ¥ 4
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0.0 . ~ ¥
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FIG. 7. Magnetic specific heat vs temperature fopb3d. Solid hN 8 ;EK
curve is a guide to the eye. O ¥
: . 201 X 1
process in the temperature range of our experiments, an %
. . - : .0 0.5 1.0 1.5
analysis of the experimental entropy is not possible. T (K)
Figure 8 shows the magnetic molar specific h€gl/R
versus the temperatuiiefor Gd,Cus. Two clear features can
be observed: a distinet peak atTo=(1.78t0.02) K con- 0 S . A e
- . . 0 2 4 6 8 10
firming the assignment of a long-range ordering process, and
a rounded maximum around 0.8 K. We note that the rounded T (K)

anomaly occurs in the same temperature range as that ob- . . .
y b 9 FIG. 9. Experimental low-temperature in-phase susceptibility vs

Sﬁrved I? tht?] Stuticeptlbllltyt_exper;mbe r:ﬂélqr atS)'I.' Fllgure.t8 temperature for TYCu; together with the calculated susceptibility
SNows aiso that the magnetic contribution c IS quite gor explanations see Sec. ) BIn the inset: Experimental out-of-

large and extgnds up to high temperaturgs, indicating th hase susceptibility.
presence of important short-range ordering effects most
probably related to the low dimensionalifgo contributions
from CF splittings are expected for Gd igns

In order to calculate the entropy, we use the relation

0 K we assume a 3D ferromagnetic spin-wave type contri-
bution (xT%?) and on the high-temperature sidera? de-
pendence foiC,,. The calculated entropy gives a value of
o S/R~9 In 2. This corresponds to the maximum expected
S/IR= J [Cn(T)/RT] dT, (4.2)  value (=3 In 2+2 In 8) evidencing that both the Gd and
0 Cu magnetic ions participate in the ordering process. As al-

together with the experimental values®f, in the tempera- réady said, the relatively large values of the specific heat

ture range 0.2 K<T<5.7 K. For the extrapolation down to aboveTc may be associated with low-dimensional fluctua-
tions within the ladders. This can be clearly seen by plotting

4 : : ST : : the entropy variation as a function of the temperatimset
T,=178K SRERERSIS of Fig. 8. The calculated entropy variation aboVe gives
rA o 8 Y ] (S.—Sc)~2.7 RIn 2, which is a rather large fraction in
31 ] < ® . comparison with theoretical values of three-dimensional
= models of ferromagnetsS. is agrees wi e low-
N o dels of f . Al th th the |
. 2, dimensional ladder-type magnetic structure of these materi-
R % T35 45 6 7 8- als.
8 T(K)
@)
11 ¢ ."Va i C. Th,Cug
* e . .
¢ Gd.C ‘.‘W‘WM . b The low-temperature susceptibility of JBu; is depicted
la 22 Us e in Fig. 9. The abrupt change of the in-phase susceptibility at
0 - J T T T T 1 K is ascribed to a transition to a magnetically ordered state,
0 1 2 3 4 5 6 > C ; s .
T (K) which is obvious also from the specific heat curve shown in

Fig. 10. The maximum value is 93.6 emu/mol at 1.0 K. This
FIG. 8. Magnetic molar specific heat vs temperature forvalue is almost of the same order as expected for a ferromag-
Gd,Cus. Curve a is the ferromagnetic spin wave contribution Netic material in which demagnetization effects become im-
(«T%3: curveb is the high temperature limit(T~2) of the mag-  portant. In fact, an estimate of the demagnetizing factor gives
netic anomaly tail. In the inset: temperature dependence of the maghe value of~280 emu/mol for the susceptibility of an iso-
netic entropy for GglCus. tropic ferromagnetic TfCu; sample at the maximum, as-
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T T T T T T T T T T T
4 To,C, 1 120- JIk,=4.6K |
T.= & experimental JTk =J"Ik =-1K
081K/ \ ... hyperfine ] B B
3 —fit i gDy =19.6
Ik =56K 100 .
x IR =K _ Dy.Cu, |
o 24 Jiky = 1K 1
A=02K 80 A1 0 T ]
1 . © S
£ \g’/ *
) 3 60+ N 9‘?: 1
' ! ! (S *
0 1 2 3 4 s 1o 51 ¥ 1]
T (K) =] * % |
~ 40
FIG. 10. Magnetic molar specific heat of ;. The dotted ] © |
line is the calculated hyperfine contribution of the Tb ions. The e} %
solid line is the calculated specific heat due to the low- 20 % .
dimensionality of the laddeffor explanations see Sec. \) B 0 0.5 1-?_ (K)1 5
suming a cylindrical approximation of its shape. At the low 0 —_— : :
temperature side of the anomaly, the susceptibility decreases 0 2 4 6 8 10
sharply, reaching a value of 5.0 emu/mol at 10 mK. The T (K)
specific heat data are plotted in Fig. 10 and indicate a tran-
sition temperature of = (0.81*+0.01) K. In the susceptibil- FIG. 11. Experimental low-temperature in-phase susceptibility

ity data we see that fluctuations in the ordering process shows temperature for DyCu; together with the calculated susceptibil-
up as a peak in the out-of-phase susceptibjitycentered at ity (for explanations see Sec. V) Bn the inset: Experimental out-
0.7 K (inset of Fig. 9, whereas the in-phase susceptibility ~ °f-Phase susceptibility.
shows an inflection poirmaximum indy'/dT) at that same
temperature. The” is in arbitrary units because it is null culated hyperfine specific heat from the measured specific
above 0.8 K and, thus, it was not possible to scale to datheat data, we estimate the remaining entropy. In order to
measured above 1.7 K with the commercial magnetometeralculate the magnetic entropy of J&us, we carry out the
The observed behavior is not uncommon for a low-integration in Eq.(4.2) using the experimental values of
dimensional system which undergoes a phase transition 16,,/R in the temperature range 0.1<KI<5 K. After ex-
long-range magnetic order, for instance, to an antiferromagtrapolation downa 0 K with an exponential function, the
netic arrangement of the ferromagnetic ladders, Tat  calculated entropy gives a value &R~5 In 2. Taking into
=0.81 K as deduced from the inflection point gf. The account that Cu has spin 1/2, which correspondsSta
relatively large value of the susceptibility AK may suggest =In 2 per atom, the experimental entropy content indicates
the presence of a dominating ferromagnetic interactionthat Tb has an effective spin 1/2, corresponding to a lowest
probably associated with the intraladder Th-Cu interactionlying doublet in the temperature region of the magnetic or-
We will return to this point in Sec. V B. Moreover, the very dering process. In Sec. lll A we have shown that fop il
low value reached by the in-phase susceptibility in the limitthe lowest energy levels are two singlets with a separation of
of very low temperature, clearly indicates the large anisotA=0.2 K. For ThCu; we expect a similar crystal environ-
ropy of the terbium ions in T/Cu;, as already pointed outin ment and, as a consequence, a similar energy scheme. Nev-
Sec. Il Afor Th,Zn;. The anisotropy may also be respon- ertheless, the separatidnis relatively small in comparison
sible for the fact that the measured value of jieat T is  with the thermal energy in the region of the magnetic order-
lower than the expected limit for an isotropic ferromagneticing process. We thus conclude that we can apply the approxi-
sample. Since a powder is measured, the value is a direcnation of effective spin 1/2 for the Tb ion. In agreement with
tional average. the pronounced high-temperature specific heat tail observed
The main feature of the magnetic specific heat ofQi, in Fig. 10, only about 15% of the entropy is left beldw .
depicted in Fig. 10, is th& peak atT-=0.81 K indicating  This is another indication of the large amount of short-range
the transition to a long-range ordered state. The bump obmagnetic order that is probably associated with the low-
served abovd ¢ and centered around 1.5 K is probably as-dimensionality of the ladder.
sociated with low-dimensional fluctuations within the lad-
ders, since a contribution from excited CF levels is not
expected in this temperature ran@ee Sec. Il A. The data
at the low-temperature side show a slight upward curvature. Figure 11 shows the low-temperature ac susceptibility of
Below 0.4 K, the data obey the la@,T?/R=0.05 K2. This  Dy,Cus. As in the case of TfCus;, and as evidenced from
contribution is probably coming from the hyperfine splitting the specific heat experiment presented in Fig. 12, clear evi-
of the magnetic levels of the Tb nuclei. Subtracting the cal-dence of a transition to a magnetically ordered phase is

D. Dy,Cus,
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4 T T 4 T T T T 30 T 9 !
T.= &75 K Dy,Cu,
25
3 - A A experimental
A -
—fit -
O 204
. Jik, =46K E
2_ ~
~ J'Tk,=-1K g 15
S J" ky=-1K o
14 - = 10
A Ho,Cu,
- 5 r r . T .
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FIG. 13. Experimental molar in-phase and out-of-ph@sse}

~ FIG. 12. Magnetic molar specific heat of iu;. The solid line o,scentibilities vs temperature for b@u,. Solid curves are guides
is the calculated specific heat due to the low-dimensionality of thg ¢,q eye.

ladder(for explanations see Sec. \).B

E. Ho,Cuz and Ho,Zng
found. The in-phase susceptibility has a sharp peak centered . . :
at 0.8 K with a maximum value of 116.4 emu/mol. Below the _. The low-temperature susceptibility of bidu, is shown in

peak, it decreases very sharply and remains almost constaﬁtg' r}egt.icAllc?r? f_cr);rfh::‘ ocrct;g]rpi)r?u?sd’ot?;/(ladrsggeTc;:eai?]-aﬂgfseefr;ts-
at 10.0 emu/mol down to 10 mK. As for 38us, the maxi- g g-rang g ! b

: e ceptibility has a maximum of 27.5 emu/mol at 0.12iduch
mum of the experimental susceptibility is not far below the b y 2

: - lower than for ThCu; and DyCug). It sharply decreases
expected theoretical limiting value<(280 emu/mol) for an 44,y 19 8.9 emu/mol at 30 mK, and remains nearly constant

isotropic ferromagnetic sample. The out-of-phase susceptysy fyrther lowering the temperature down to 5 mK. The out-
bility also shows a sharp peak centered at 0.77 K and it igf.phase susceptibility shows a peak around 40-100 mK, in
zero below 0.4 K and above 1 ihset of Fig. 13. At0.77 K \hich temperature range also an inflection point, centered at
an inflection point occurs in the temperature dependence qf50+10) mK, is seen in the in-phase susceptibility.
the x'. The transition temperature deduced below from the The molar specific heat of HEu, is depicted in Fig. 14
specific heat iTc=(0.75+0.01) K. Similar to TBCu;, the  together with that of HsZn, for comparison. The specific
data point toward a type of antiferromagnetic long-range orheats of HgCu; and HgZn; are seen to overlap fof
dering, with very small value for the antiferromagnetic cou->0.8 K, showing a broad rounded anomaly with a maxi-
pling (Jag) between the ferromagnetic ladders. Since for amimum at 3.5 K(Fig. 14). This is probably due to crystal field
antiferromagnet thg at T is inversely proportional td g, splitting of the holmium levels. In Sec. Il A we have seen
when the latter becomes small enoughat T can reach the that the susceptibility of H&n; down to 2 K may be ex-
demagnetizing limit. It is then difficult to distinguish be-
tween ferromagnetic or antiferromagnetic coupling between
the ferromagnetic chains. The peak in tiefound in both 4
compounds may be due to a weak-ferromagnetic moment
which arises when the antiferromagnetic ordering is accom-
panied by some degree of spin canting. Again, as for 37
Th,Cus, the very low value of the in-phase susceptibility for
T—0 indicates large anisotropy of the Dy ions. -~
Figure 12 shows the magnetic specific heat, plotted as ¢y°
C/R versusT, for the Dy Cu; compound, wher€ /R is
the molar specific heat anlis the temperature. The promi- 148
nent spike bele 1 K is identified with thex anomaly indi-
cating the onset of a phase transition to a long-range ordered
state. The peak is very sharp and allows an accurate deter- 9
mination of the critical temperature d$=(0.75+0.01) K.
The analysis of the magnetic entropy content shows that only
a very small portionfabout 15% is obtained belowl ¢ and FIG. 14. Magnetic molar specific heat of y@u, (®) and
that, as for ThCus, the lanthanide has an effective spin 1/2 Ho,zn, (O). The solid line is the calculated Schottky contribution
in the ground state, once more agreeing with the crystal fieldue to the splitting of th&'{?) andT'$? levels of the holmium ions
analysis(Sec. Il A). as shown in the Figure. In the inset the same data in log-log scale.

T (K)
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plained in terms of a doublef’{?) ground state separated et al** for ladder-type double chains which has been suc-
by 8.3 K from a triplet (&2)) excited level. Taking into cessfully applied to describe the paramagnetic susceptibility
account a further splitting of these degenerate levels, thef the Gd(ox)[Cu(pba)s[ Cu(H,0)s]-20H,0 compound.
Schottky contribution arising from this configuration can be This model, which is based on the standard transfer matrix
easily calculated. A nice agreement with the data is obtainefethod, takes into account the presence of copper quantum
for 'Y further split by 2 K, and separated by 11 K from Spins o and gadolinium classical spir§ in a ladderlike
'@, further split ly 5 K each levelFig. 14. arrangement similar to the,M3; compounds, where each
For Ho,Zns, a sharp increase of the specific heat by |0W_gadolln|_um ion interacts _|sot(op|9ally with two neighboring
ering the temperature is observed below 0.3 K. This contriSOPPer ions. The approximation is the classical treatment of
bution is apparently coming from the hyperfine splitting of the gadolinium spin, which is allowed because of the high

the magnetic levels of the Ho nuclei. In this temperatureSPin value of the ion. _
region, by fitting the data t@m/R:aT—b we obtaina With the aid of this model, we have analyzed the experi-

=0.14 ancb= 1.3, and not the expected valuetot 2, for a mental thermal dependence of the susceptibility in the para-
magnetic anomaly high-temperature tail. The reason for thaf/@gnetic regime. The same Lané#ctor g=2.00, deter-

is probably related to problems of thermal contact betweefin€d in the high-temperature limit, has been attributed to
spin system and the lattice, since we found the specific hedlll cations. A unique coupling constanhas been introduced

at low temperature to become increasingly dependent on tH@" all the Gd-Cu isotropic interactions. We have thus used

measuring time we used in the experiments. In fact, botfi’® Hamiltonian
specific heats of H&Cu; and HgZn; have been measured

with the relaxation technique. If the measuring time is not Ny

long enough for the sample to achieve thermal equilibrium, H=-J 2 (01S)— E gugoit+ E gusSj|H;,
between the spin system and the phonon bath, part of the (D =1 =1

electronic spin contribution will simply be missing. Also for (5.9)
Ho,Cu; an upward curvature is observed by lowering the
temperature below 0.7 K. By comparison with the,@n, ~ Where the Zeeman terms extend overNajl copper andNs
results, we see that in the specific heat of,€lo; there is an ~ 9@dolinium ions. The best fitting of the experimental suscep-
extra contribution in addition to the hyperfine splitting of the tibility results is obtained in the range 2.5KT<20 K.

Ho nuclei. This may readily be explained by a weak Ho-CuFigure 5 shows the calculated curve wittkg=0.74 K. As
coupling that, together with the dipole-dipole interladder in-€xpected, the positivé value refers to a ferromagnetic ex-
teraction, shows up at very low temperature. Consequentlghange coupling, in agreement with the positive paramag-
only the onset of a phase transition is observed. The lowhetic Curie temperaturé=2.3 K. It is worthwhile to note
temperature limit of our setup did not allow us to determinethat theJ value obtained here does not differ substantially
from the y datd. In combination with the susceptibility re- Simple mean field analysis. At temperatures below 2.5 K, the
sults(Fig. 13, we conclude that the ordering temperatlige ~ three-dimensional ordering mechanism becomes apparent
for Ho,Cu, is between 0.04 and 0.10 K. Due to the incom-2and, consequently, the experimental data can no longer be
plete achievement of the magnetic ordering processes at ti#escribed with the abovgaramagneticmodel.
lowest temperature, the analysis of the entropy contents for It iS well established that an array of isotropic spins with

Ng

Ho,Cu; and HaZn; is not possible. dimerjsi%gality two or less will not present long-range
ordering” The experimental specific heat data have shown
V. COMPARISON WITH LADDER MODELS the presence of short-range order for temperatures far above

T already, and we have associated it with extended mag-
A. GdzZn3 and Gd,Cu, netic correlations along the spin ladders. The observed long-
For Gd,Zng, the sharp increase of the specific heat belowrange ordering at c=1.78 K implies the existence of inter-
1 K (Fig. 7) may reflect the onset of a 3D ordering process,actions between adjacent ladders. The structure giCGd
which takes place at a temperature lower than obtained in thédoes not present any pathway between adjacent ladders that
experiment. Even though the &fth; compound is more involve atomic contacts suitable for the propagation of mag-
poorly crystallized than the Cu containing compoufftés  netic exchange. Consequently, it seems reasonable to assume
measured specific heat clearly underlines the relevance of ttibat the driving force for the magnetic long-range order is
Gd-Cu interaction, when compared with the results found foindeed the dipolar interaction.
Gd,Cu;. The absence of the copper Mt sites reduces or Another interesting feature in G@u; is the maximum
inhibits the ordering temperature of the Gd sublattice belowobserved at about 0.8 K, and thus below=1.78 K, in both
our lowest experimental temperature. It is clear that the Cihe susceptibility(Fig. 5 and the specific hedfig. 8). To
ion in Gd,Cu; is much more effective than the Zn ion in explain such a feature, we may consider the presence of two
transmitting magnetic exchange interaction along the Gdtypes of interchain coupled systems in &ds, e.g., with
oxamato-Cu-oxamato-Gd superexchange pathway that givesdightly different packing of the ladders within the crystal
rise to the net ferromagnetic coupling. structure. Then one polytype has=1.78 K and the other
In order to explain the paramagnetic susceptibility ofhas a lower critical temperature of 0.8 K. Unfortunately, due
Gd,Cu;, let us consider the model proposed by Georgego the lack of a precise knowledge of the structure and to the

184405-10



MAGNETIC AND THERMAL PROPERTIES OF 4-3d ... PHYSICAL REVIEW B 68, 184405 (2003

fact that the experiments have been performed on powderddmperatures the behavior is strongly modified by the pres-
samples, a detailed study of the ordering process could n@&nce of low-lying excited states.
be carried out. To explain the magnetic and thermal properties ofTiy
For the sake of completeness we wish to mention brieflyand Dy,Cu;, @ model has been developed, which is based on
the nature of the mechanism of the Gd-Cu interaction. Irthe standard transfer matrix technique, using the Ising ap-
preceding works?3 the ferromagnetism of this interaction proximation and assuming spin 1/2 for thend the Cu ions.
was attributed to the coupling between thie—Bd ground The details of the model can be found in the Appendix. As
configuration and the excited configuration arising from therevealed from the susceptibility measurements, we have to
metal-metal charge transfer configurations. The latter is aseexpect a ferromagnetic couplingfor the L-Cu interaction.
sociated with the 8—5d process: an electron is transferred Next-nearest neighbor interactions are also taken into consid-
from the singly occupied orbital centered on copper towarceration. In fact, we have seen in Sec. Il A that a weak anti-
an empty orbital centered on gadolinium. In such a mechaferromagnetic interaction is acting between the copper ions
nism, J is given by in La,Cu;. Consequently, we may assume a similar Cu-Cu
interaction to be present ih,Cu; for L=Tb and Dy. We
5 shall denote byl’ the Cu-Cu interaction. Similarly, we have
J=> [ B2, 340(4U2—67)];, (5.2  alsotaken into account a weak antiferromagnetic coupling
i=1 acting between the ions, as suggested by the susceptibility
data for GdZn; (Sec. Il A). According to our notation, a
whereBsq_ 34 is the transfer integral of thed3—5d process, positive coupling constant implies a ferromagnetic coupling.
8 is the energy gap betwee®=3 andS=4 excited states The presence of next-nearest-neighbor interactions in 1D
arising from the 475d* electron-transfer configuration and molecular systems based on lanthanide ions is not new and
U is the energy cost of such a transfer. The summation apseveral examples can be found in the literafir€or the
plies to the five 8 gadolinium orbitals. case of ThCus, the crystal field energy separatidnof the
It is interesting to compare, qualitatively, the here ob-two lowest singlets of the non-Kramers Tb ion has also been
tained coupling constants of Gd,Cu; (J/kg=0.74 K) and included in the calculation. This contribution and the ones
of Gd,(0ox)[ Cu(pba)|g[ Cu(H,0)s]-20H,0, which is a arising from next-nearest-neighbor interactions are then
long-range ordered ferromagnet fbe=1.05 K (Refs. 15,1  added to Eq(5.1), whereo; and S; represent now the pro-
and has)/kg=0.40 K!* The difference may in fact be un- jections along the axis of the Cu spins and the Tb or Dy
derstood on the basis of the above mechanism. In the latté&ffective spins, respectively, as explained in detail below in
compound, the Gd ions adopt a distorted capped square afhe Appendix.
tiprism coordination of oxygen atoms; six out of a total of ~To improve the reliability of the fits for T{Cu; and
nine oxygen atoms are provided by the three bridgingDy.Cus, we independently use the model injCay to get
Cu(pba groups, two by the oxalato ligand, and the last onethe estimate ofi’, and in Th,Znz and Dy,Zn; to get the
by a water moleculé’ In the former compound, due to the estimates of)”. We then fit the susceptibilities and specific
absence of the oxalato ligand, the Brbitals of the gado- heats of ThCu; and Dy,Cus with J° and J” fixed at the
linium ions are distributed in a less distorted environmentvalues obtained precedently with only the couplihgnd the
This fact, together with slightly shorter Gd-Cu distances foreffective gyromagnetic constagis free parameters. The fits
Gd,Cu; (see Refs. 30 and 37 for comparisogives higher to the susceptibility and specific heat of J&us are shown
values of B54_34 for Gd,Cu;. Consequently, according to in Figs. 9 and 10, respectively. The fits provide the values of
Eqg. (5.2, the coupling constant should indeed be larger for J/kg=5.6 K, J'/kg=—1.0 K, J"/kg=—1.0 K, A=0.2 K
Gd,Cu; than for Gd(ox)[ Cu(pba)s[ Cu(H,0)s]-20H,0,  and an effective gyromagnetic constangef 18.0 for the Tb
as found. ion. Similarly, the results for the susceptibility and specific
heat of Dy Cu; are shown in Figs. 11 and 12, respectively. In
this case, the fits provide the values3kg=4.6 K, J'/kg
=-1.0 K,J"/kg=—1.0 K, and effectiveg=19.6. It can be
Our measurements show J®u;, Dy,Cu;, and HgCu;  seen that the experimental behaviors above the 3D ordering
to be strongly anisotropic systems with long-range ordetemperatures are satisfactory reproduced. Only the specific
phase transitions below 1 K. As for @@us, the low-  heat of TBCus is not so well accounted fdiFig. 10. Prob-
dimensional structure of the compounds implies that theably, this comes from the influence of low-lying excited lev-
driving force for the long-range magnetic order is the dipolarels, making the Hamiltonian of this system less Ising-like
interaction between the ferromagnetic chains. However, fothan for DyCu;. Moreover, the largey values found for
Th,Cus and Dy Cu,, evidence for an even larger amount of both systems imply large magnetic moments which are
short-range order, associated with fluctuations within the ladmoreover coupled ferromagnetically into chains, so that di-
der structure, is found abovig- . From the specific heat data, polar interactions may be strong enough to contribute also
we have deduced that J8u; and Dy,Cu; may be described above the 3D ordering temperatures. Consequently, the
in terms of an effective spin 1/2 at low temperatures. We notenodel here presented may fail to give a detailed explanation
that an effective spin 1/2, arising from a low-lying doublet, isin this temperature region. Nevertheless, the following con-
often found for lanthanide compounds of dysprosium anctlusions can be drawn. The compoundsCt; and Dy,Cug
terbium with low magnetic ordering temperatifét higher  are very similar in behavior and are strongly anisotropic. We

B. Th,Cug, Dy,Cus, and Ho,Cus
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TABLE Il. Experimental results obtained for the Cu containing  TABLE lll. Experimental results obtained for the Zn containing
compoundsT. is the long-range magnetic ordering temperatdre; compounds. The same notation of Table Il is used.
is obtained from the Curie-Weiss laiBec. Il); J, J’, andJ” are the

exchange constants for theCu, Cu-Cu, and. —L interactions, GdyZng Th,Zng Dy,Zn, Ho,Zn,
respectively(negative values stand for antiferromagnetic interac-
tions); A is the separation between the ground state and the firsf (K) —0.1
excited state(included also is the type of stats=singlet; J'/ks (K) ~ —6x107° -10
d=doublet; t=triplet); g, is the Landefactor for thel ion; the  A(K) 0.2 (s-s) 13.7(@d-d) 8.3 (d-t)
models used are MEnean field or LLW (Sec. Ill B) or Georges  Model MF LLW-App. LLW LLW
(Sec. VA or App. (Appendix and Sec. V Bor Schottky (Sec.
IV E).
M =Cu. To the best of our knowledge, &ciy is the lan-
La,Cus Gd,Cus ThCus Dy,Cus  Ho,Cug thanide and transition metal ions based ferromagnet with the
Te (K) 1.782) 0811 0751) 0.04-0.10 highest long-range ordering critical temper'atl]'r@=(1.78
0 (K) 0.2 23 i_Q.OZ) K so far reportgd_. .Moreover, as estimated from spe-
kg (K) 074 56 46 cific heat and susceptibility measurements,Jily has a
° ' ' ' i i ¥.=(0.81+0.01) K
Ik (K) —0.2 10 10 magnetic ordering temperature Of¢ ,

while Dy,Cu; orders atTc=(0.75+0.01) K, and HgCus

i(/:f ) 0;(2-2) -0 ~11 (@) has aTc between 0.04 and 0.10 K. These molecular based
9 .18 0 196 magnets are the first ones obtained with lanthanide ions other

9 : : than gadolinium.

Model MF  Georges  App. App.  Schottky-LLW

The very pronounced quasi-one-dimensionality of the
magnetic structure implies that the 3D ordering is driven by
the dipolar interaction acting between ladders together with
note that largeg values of order 20, found for both J6U;  the intraladder superexchange interaction. We have also re-
and Dy,Cus, have been also reported for other Dy and Tbyorteq that the intraladdér-Cu interaction is the dominant
based compound$.For both cases, the-Cu interaction is one and it is ferromagnetic fdr=Gd, Tb, and Dy. The in-
predominant and ferromagnetic. This -intergction is slightlyfjuence on the magnetic properties of the weaker antiferro-
stronger for ThCu, than for Dy,Cug, in line with the analy-  magnetic next-nearest neightior L and Cu-Cu interactions
sis reported in Ref. 18. Consequently, the 3D ordering teMpaye also been analyzed. A remarkable point is the key role
perature is also higher for 36u; (Tc=0.81 K) than for  f the copper ions in these complex systems. They transmit
Dy,Cus (Tc=0.75 K). For both compounds, the presence ofthe magnetic exchange interaction betweenLtiiens across
next-nearest-neighbor interactions have to be taken into agne |adder. As a proof of this, we have seen that, if Cu is
count. These interactions are much weaker thanl#@u  gpstituted by the nonmagnetic Zn, the-L interaction is
interaction and are antiferromagnetic in nature. In conclujnpipited and the critical temperature of the 3D ordering pro-
sion, the results here obtained suggest tha§Clh and  cess s strongly diminished. Finally, the effects on the sus-
Dy,Cus order ferromagnetically within the ladders. This or- ceptibility and specific heat of the crystal field splittings of
dering process is accompanied by weak dipolar and probably,e magnetic energy levels of the lanthanide iong. jiV 5
antiferromagnetic interladder interactions, that, together withaye been discussed and rationalized, assuming the same
strong crystal field effects, lower the susceptibility b’3|0Wsymmetry and coordination for the lanthanide ion in each

Tc. compound of the series.
For Ho,Cu;, we have already reported that the Ho-Cu

interaction has to be very weak. Indeed, crystal field effects
and dipolar interactions are mainly responsible for the mag-
netic properties at low temperaturSec. IV B. Conse- We are indebted to F.L. Mettes, F. Luis, A. Morello, and
guently, also the 3D ordering temperature is the lowest on®. Culebra for the low-temperature experiments. This work
in comparison with ThCu; and DyCu;. The results ob- was partially supported by Grant No. MAT99/1142 from
tained for the magnetic interaction parameters are summd&ICYT.

rized in Table Il for the Cu containing compounds and in

ACKNOWLEDGMENTS

Table Il for the Zn containing compounds. APPENDIX: ISING MODEL FOR QUANTUM SPIN
LADDER
VI. CONCLUDING REMARKS The model here reported has been developed to explain

the magnetic and thermal properties of the,Cb; and
In the previous sections we have focused attention on thBy,Cu; compounds. As a first step, we assume only a cou-
physical properties of spin-ladder molecular magnets conpling between the next-nearest copg€u) and lanthanide
taining lanthanide and transition metal ions. Together with(L=Tb, Dy) ions which is ferromagnetién the following
the originality of their crystal structure, the,M3 com-  notations, this mean$>0).
pounds present interesting magnetic features such as the on-For Th and Dy, we assume an effective low-temperature
set of long-range orderings fdc=Gd, Th, Dy, Ho, and spin 1/2 and Ising coupling due to the crystal field anisotropy
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, -
S] 0] S : Therefore, by defining
IS P JUTS 7 ¢ 1
0. LR N - .
> N f(T,H,)= I|mN In Z=In A,
03(\: *) 04 N— o
SN2
Lot '*'\.,’" L YN ° where\ is the largest eigenvalue &f we obtain numerically
S, the magnetic susceptibility and the molar specific heat by
S, G, 9,
2f 5*f
— ) - N— “ —kgT C=kgBP—.
J X~ Ks 3 B o2

FIG. 15. Ladder structure considered by the model discussed in

the Appendix. According to the susceptibility data of L&u; (Fig. 2),

o ] we assume a slight antiferromagnetic next-nearest-neighbor
of the lanthanide ion. For Cu, we assume spin 1/2 as wellgoyplingJ’ between the copper ions. Similarly, according to
The effective Hamiltonian is then the susceptibility data of G@&n; (Fig. 2), we expect an an-

N, Ng tiferromagnetic next-nearest-neighbor coupliffy between
H=—J1>, (0:S)— > Gomsoit >, gsueS; |z, the lanthanide ions. In both cases, the data are compatible
i i=1 j=1 with couplings not exceeding 1 K. By adding these second

(A1) neighbors couplings we get the complete scheme depicted in
whereo; and§; are the projections along theaxis of the Fig. 15. .
spins of the copper and lanthanide ions, respectivEly. The transfer matrix is now
15). The Landefactor of the copper ions is assumed to be
g,=2, while the one of the lanthanide ions is a fitting pa- 1(51.03,5,;S1,04,S;)
rameter. The Zeeman terms in H&1) extend over alN,,

copper and\g lanthanide ions. , ,
We build the transfer matrix on the unit cell = X exp{BI o1(S1+S) +0x(S,+S))
0102
T(5115215£1%)

1 1
+ 5 o3(S+S;)+ 5 ‘74(31"‘35)}
01(S1+S)) +02($+S;)

|

1
X exp[ > B9susH S+ S+ S,+S;) + Bg,ueH,

= X exp[ B

01,02,03,04

XeXp ﬁ\],((fl“l‘ 0'2)(0'3"’ O'4)+BJ"

1 1
+t3 o3(S+S)) + > o4($1+S,)
X

1
SiS;+ S5+ > (5132‘*‘818&)“

1
> BAsugHA(S1+ S+ S,+S;) + B9, ueH,

X exp

X

2 2

where 8=1/kgT. The partition is expressed in terms of the
4X 4 transfer matrix

1 1
0'1+0'2+_ 0'3+_ Oy
X

1 1
0'1+O'2+§ 0'3“1‘5 0y

with J>0, J’ <0 andJ”<0. This is now an & 8 matrix but
the process is the same.

Z(T,H,)= > T(S.1,S5;51,S5)T(S1,S5:S,,S)) For the terbium case, that is a non-Kramers ion, we allow
Si the spin states to be nondegenerate by adding to the Hamil-
LTSN, sV, ) tonian a termE(S) such thatE(+3)=A/2 and E(—3
=—A/2, whereA is the gap. The best fits for }6u; are
=Tr (TV). displayed in Figs. 9, 10 and for By, in Figs. 11, 12.
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