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Structural and magnetic properties of the alternating Heisenberg spin-chain compound
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E. Herrling, G. Fischer, S. Matejcek, and B. Pilawa
Physikalisches Institut, Universit&arlsruhe (TH), 76128 Karlsruhe, Germany

H. Henke
Institut fur Anorganische Chemie, Universit&arlsruhe (TH), 76128 Karlsruhe, Germany

I. Odenwald and W. Wendl
Kristall- und Materiallabor, Universita Karlsruhe (TH), 76128 Karlsruhe, Germany
(Received 27 June 2002; published 16 January 2003

Temperature dependence and anisotropy of the electron-spin-resaizBiResignal at 9.5 GHz of the
one-dimensional alternating Heisenberg antiferromagnet did@i&-alithiahexaneoppefll) are reported in
the temperature range between 5 and 300 K. The ESR measurements reveal a structural phase tragsition at
~150 K. By x-ray diffraction the structure of the low-temperature phase is determinée 420 K. Sym-
metry reduction from the monoclinic space groRp, /n to the triclinic groupPTresults in the formation of
twin domains and the creation of two different kinds of spin chains bélgwThe influence of the structural
modifications on the magnetic properties is discussed in detail. Measurements of the static magnetic suscep-
tibility yield the exchange constants and alternation parameler&z=—29.3(1) K, «;=0.76(1) and
Jokg=—27.9(1) K, a,=0.99(1) of chain 1 and 2, respectively.
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[. INTRODUCTION netic chain belong to the same universality class of quasi-
one-dimensional magnets as the spin-ladder systems with an
The alternating Heisenberg spin-1/2 chain is one of theeven number of coupled spin chaiis!? Indeed, the phase
simplest nontrivial quantum systems and there are many sulgiagrams of these systems have the same structure. At low
stances whose magnetic properties are well approximated hgmperatures when the dynamic properties are dominated by

the spin Hamiltonian quantum fluctuations there are two critical magnetic fields.
The first critical fieldH.,; separates the gapped spin liquid

= = > 2 hase from the gapless incomensurate phase betWegn

H(J,a)Z—JEi (S2iS2i— 1T @S2iS2i +1), v P gap P ep

andH,. At the second critical fieldH.,, the system enters
the fully aligned ferro-type phase.
o For some time the vanadates N&% and (VO)},P,0O,
or H(JI*,8)=—J*2 [1—(—1)'8]1SSi+1, were considered as possible spin-ladder compdtinbist
' later  characterized by the  alternating  chain
with the exchange constadt =J(1+ «)/2 and the alterna- Hamiltonian'***> Due to the high exchange couplings
tion parameter$=(1— a)/(1+ «)."3Both notations of the  [J|/kg=116 K[(VO),P,0;] and|J|/kg~464 K (NaV,Os)
spin Hamiltonian are frequently used in the literature. the accuracy of the old theoretical calculations on alternating
The basic difference between the unifor@®<0) and al-  spin chain¥~*°had to be improved for the analysis of these
ternating spin chaind#0) consists in the energy gap which compounds. This was done by Augiat al,”® Barnes
separates the ground state from the first excited states. Fet al,?* and Konstantinoviet al?? who showed that the spin
the uniform chain there is no gap whereas for the extremelgap can be approximated extremely well by the simple for-
dimerized chain ¢=0) the smallest excitation energy s  mula A=2J* 5** Johnstoret al® pointed out that the de-
=|J|. The early experiments on the triplet excitons observediation of the exponent from 3/4 is smaller than 2% and the
in organic compounds stimulated the theoretical interest ircritical regime where logarithmic corrections become impor-
the spin gap and the dispersion of tBe1 excited stat. tant is expected below~0.005 (@>0.99).
Solutions of Hamiltonian1l) were presented by Bulaevskii Due to the comparatively large exchange constants of
in terms of a Hartree-Fock schemby low-temperature per- purely inorganic compounds the investigation of metal-
turbation calculatioh and renormalization-group theory organic substances presents an attractive alternative approach
which predicts that fod— 0 the spin gap should close ac- as is demonstrated by the work on the spin-ladder substance
cording toA s 57%|In §Y2.7-° Cu(CsH;,N,),Cl, (Ref. 11) and the alternating spin chain
One important reason for the renewed interest in alternattompound Cu(N@),-2.5H,0 which is characterized by
ing spin chains results from the prediction of quantum-field)/kg=—5.2 K anda=0.272% The thermodynamic proper-
theory that the antiferromagnetic alternating Heisenberdies were measured over the whole interesting field range
spin-1/2 chain and uniform spin-1 Heisenberg antiferromagbelowH,;, betweerH.; andH.,, and aboveH ., and com-
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a=6.875 A, b=8.963 A, c=14.513 A, 3=90.48°). The

Cu" ion is coordinated by two chlorine and two sulfur atoms.
The coordination of the Cu ion is not plan@ee Table)land

the complexes form stacks of centrosymmetric dimers with
short Cu--Cl(2) contacts of the length 3.074 &dotted
lines in Fig. 1. This gives rise to the formation of infinite
alternating chains along. The Cu-DTH complexes within
the unit cell are related by the;2screw operation which
leads to twomagnetically inequivalent chains already at
room temperature. The magnetic properties were determined
by measurements of the static magnetic susceptibility. Due to
an anomaly at 26 K and the fact that the crystals shatter upon
cooling, Hatfieldet al*° concluded that there is a structural
phase transition and the resulting phase was characterized by
an exchange constant dfkg= —28.8 K and the alternation
parameterr=0.87.

The plan of the paper is as follows. The results of the ESR
measurements are summarized in Sec. Il. These measure-
ments reveal a structural phase transitionT g&150 K re-
sulting in a specific domain structure. No further anomaly
could be detected especially aroun®6 K as observed by
Hatfield et al3® Measurements of the ESR, the static mag-

FIG. 1. Unit cell of Cu-DTH at room temperature showing the netic susceptibility and the heat capacity confirm that there is
position of a 3 screw axis and of two centers of inversion as smallno additional phase transition down te5 K. The crystal
circles. Dotte_d lines __indicate dimer formation. The infinite “copper structure of Cu-DTH is discussed in Sec. IIl. X-ray diffrac-
chain” - - -Cu,Cu,Cd- - - extending inb direction is repeated by tion shows that the two-fold screw axis is lost during the
virtue of the screw axis on the left. The symmetry code is defined irbhase transition which leads to the formation of tevgstal-

Sec. Il B. lographically inequivalent chains. These results are needed
) ) . ) . for the discussion of the ESR measurements in Sec. IV.
pared with theoretical predictions based on numerical diagogaseq on these results the magnetic susceptibility is analyzed

nalization of finite spin systenté.Diederix et al****stud- ;1 'gec "y leading to values of the exchange constants and
ied in detail the spin dynamics of the alternating spin chainiarnation parameters.

by H nuclear magnetic resonance. Considering the current
interest in quantum critical phenomena and quantum liquids
this work is still of high relevance and the studies of
Cu(NG;),-2.5D,0 by neutron scattering are just at the
beginning?® The Cu-DTH complexes were synthesized according to
In this paper, we investigate the alternating spin chairHatfield et al3® The crystals form dark green nearly rectan-
compound dichlor,5-dithiahexangCu(ll) (Cu-DTH). This  gular plates (1 mm 0.3 mmx 0.02 mm) with the crystallo-
substance was synthesized by Hatfi@tal® Figure 1  graphicb direction parallel to the long side of the plates and
shows the monoclinic unit cell at room temperature aghe c direction normal to the plates. On air the crystals de-
reported by Hatfield etal®® (space group P2;/n, grade presumably due to humidity since the coordinating

Il. ESR MEASUREMENTS

TABLE I. Some structural parameters of Cu-DTH above and below the phase transition.

T=300 K T=120 K (chain 1 T=120 K (chain 2
£ (CI-Cu-Cl;S-Cu-$* 37.16° 37.31° 35.29°
/. (S-Cu-S;b)® 17.87° 17.73° 10.92°
Z(Cu- - -CU; S-Clpyed 24.17° 29.44° 18.79°
Cu- - - Cu (intradimey 3.948 A 3.817 A 4117 A
/(Cu---Cu; S-C)er 7.28° 9.64° 11.51°
Cu- - - Cu (interdimey 5.058 A 4.956 A 4.647 A
S .. 3.856 A 3.629 A 3.686 A

dangle between the normal of the CI-Cu-Cl plane and the S-Cu-S plane.

Pangle between the normal of the S-Cu-S plane larihe angle between the S-Cu-S planes of chain 1 and
chain 2 is 8.34°.

‘angle between the vector connecting the Cu ions and the SbORd axis.

d5(1)- - - S(2¥) and S(3) - - S(4Y) for chain 1 and 2, respectively, denote the shortest interchain contacts.
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DTH ligand can be replaced by water molecules. This effect 2.16F ' ' ' ' ' ]
. R . + Blib .

leads to a defect signal which is visible in the ESR spectra DB e s ettt s e
(Figs. 5 and 7. In the dry atmosphere of an exsiccator the -l
crystals are stable. 214} .

ESR was measured with a Bruker ESP300E X-band spec- > ) 06? =
trometer equipped with a rectangular cavity and an Oxford 1 N
ESR900 cryostat. During the measurements the sample was 2.05| e Blla ettt " * ]
covered by vacuum grease which protects the crystal suffi- 204 Tatatesne e o o o ootim]
ciently. 0 50 100 150 200 250 300

Figure 2 shows the temperature dependence of the ESR
linewidth AB;, (half-width at half-maximum when the
magnetic field is applied along andb, respectively. FIG. 3. Temperature dependence of théactor.

AB;, decreases linearly upon cooling down from room
temperature. At 144 K there is a jump which is followed by transition. Herea, b, andc correspond to the nearly orthogo-

a temperature range, whefB,, is nearly constant. Below nal directions of the lattice base vectors of the high-
100 K ABy,, increases up to a maximum at about 20 K andtemperature phase.

drops to small values at lower temperatures. When the crys- Below the transition temperature two separate lines can be
tal is heated from low temperatures the jumpAds,,, occurs  resolved in theb-c plane. An example is shown in Fig. 5.
at 156 K. This hysteresis is a clear sign for a first-orderThe derived maxima and minima of of the two domains
structural phase transition. The size of the jumpsA&;, below the transition temperature shift abatfl0° with re-
depends on the sweeping rate and the start temperature. Thigect tob. In the a-c plane, there is always one Lorentzian
indicates relaxation times of the structural transformation inresonance line and no line splitting can be detected. In the
the range of hours. The open symbols in Fig. 2 show a tema-b plane there is only a tiny splitting which can be resolved
perature sweep just arourd . for temperatures below 20 K whehAB,, becomes small.

Figure 3 displays the temperature dependence ofgthe The corresponding angular variation 88, and theg fac-
factor. Above the transition temperatugeshifts smoothly tor is shown in Fig. 6. The maxima and minima@bf the
with temperature which indicates a temperature-dependentb plane are shifted by- +3.5°. Especially around 170° it
reorientation of the Cu-DTH complexes. The enhanced spinis difficult to separate accurately the two lines. Figure 7 gives
lattice relaxation due to this effect is also reflected in thean example for the analysis of this tiny line splitting.
linear increase ofAB;, with increasing temperature. The
phase transition leads to a jump and a hysteresis BElow
the transition temperaturegy is essentially constant which
indicates the stability of the new crystal structure. The small A. Experimental
temperature dependence belews0 K reflects an internal
magnetic field due to static correlations of the magnetic Moz,

ments. . . . refrigerator system. The sample was sealed in a glass capil-
Below the transition temperature the ESR line splits forlary with some silicon added for calibration. Using Ge-

special orientations of the magnetic field into two compo-pan6chromated copper radiation £ 1.540562 A) the re-
nents which indicates the formation of a two-domain Struc'finement of the cell parameters was performed with the

ture.
The modification of the anisotropy afB,,, and theg
factor due to the phase transition are shown in Fig. 4 which

TK)

Ill. X-RAY DIFFRACTION

X-ray powder data were recorded by means of a STOE
adiP diffractometer equipped with a helium closed-cycle

angular positions obtained by profile fits of 28 powder lines.

: O : a ¢ a
displays the angular variation @f and ABy,, in three or- A F ‘
thogonal planes for temperatures above and below the phase 6100 AT 1
140— . - . ' ' ﬁso _ W
1200 °, + Bllb ] %0 '. B
N ® Blla 4 . = ‘
100, ] 218,
Q 'q‘:.‘.. AN . . *
o 80fe o, @ et =
< o ®eee oos(iun PR
60w Tg;: M b 2.04 ‘ i S w
402 1 0° 90°180°0° 90°180°0° 90°180°
o Z£(B,b) Z(B.b) Z(B,a)
0 50 100 150 200 250 300

T(K) FIG. 4. Anisotropy of they factor andAB,, in three orthogonal
planes. Triangles forT=169 K, full and open circles forT
FIG. 2. Temperature dependence/B,,. The open symbols =60 K. The full and open circles distinguish between the signal of
show a temperature sweep just arotind the two kinds of domains.
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1.0t 1
Z(B,b)= 50°
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FIG. 5. Dots, ESR signal in thie-c plane atfT=6 K, solid line, i '2%50 3obo 3250 35'00 _
fit of two Lorentzian lines. The lower curve shows the difference B(G)

between the experimental data and the fit of two Lorentzian ESR

lines. There is a small defect signal in the left wing of the resonance FIG. 7. Dots, ESR signal in the-b plane atT=8.5 K, solid
(see also Fig. )7 line, fit with one Lorentzian line. The lower curves show the differ-

ence between the experimental data and the fit of(@hand two

) ) Lorentzian ESR linegb). At ~3050 G a small defect signal is
For single-crystal work a specimen of Cu-DTH was cut to¢g;nq.

the dimensions of 0;20.25x 0.04 mn? (from a still longer
needle-shaped plateleand sealed in a glass capillary. The but the structure could be solved starting from two very
measurements were carried out on a STOE four-circle difsmall atomic fragments. The latter were expanded step by
fractometer with specialized control software to ensure thestep by the cyclic use of refinements and difference Fourier
collection of as many overlap-free reflection intensities assyntheses with the programHELX97 (Sheldrick, 199732
possible in the case of a nonmerohedral twin. For reflection$he final refinement included anisotropic displacement pa-
with overlapping twin components the common intensity oframeters for the atom types Cu, Cl, and S. All hydrogen
both twin individuals was measured as long as their scatteipositions were calculate@toutine HFIX of SHELXL97, loc
ing vectors could be oriented horizontatfy. cit).3248

Cooling of the sample to 120 K was achieved with a From 2255 reflections successfully measured, 425 were
stream of cold nitrogen gad\{T= =2 K, equipment Nicolet resolved, 1830 consisted of overlapping pairs with the com-
LT-1, temperature calibration by KDPSevere resolution mon intensity obtained by & scan, the rest of 1871 reflec-
problems arose from the fact that beldw the crystal splits  tions was not accessible due to orientational problémgle
up into lamellas slightly canted against each other so that theestrictions of the instrumengiving a total of 4126 mea-
effective broadness of the reflection profiles was increased tsurements attempted up to a limit 08,2,,=55°. The final
at least 1.2°@). This complicated the search for the twin residuals werewR,=0.174 for all data and 127 structure
law and integrations over the fractured profiles. parametersRk; =0.061 for 176%&,>40F,, residual electron

The compromise between not cutting-off intensity and re-density A pimax= — 1.47/1.2%/A3.
solving individual peaks well enough led to unsatisfactory
results in quite a number of instances, a fact which is also B. Results from x-ray diffraction

reflected in rather high values of the residu@ee belowy Initially, the powder diagrams of Cu-DTH above and be-

low T, were compared to obtain information about the cell-
a_ b metrical changes ascribed to the phase transition. The pow-

2.16 70 der pattern of the low-temperature form can be indexed on
the basis of a triclinic cell witta=6.7742), b=8.7243),
212 160 c=14.852(7) A, «=93.452), B=93.642), y
o % =90.192)° at 120 K.Later on it seemed appropriate to
'500<n]’ modify this cell setting in order to aid the comparison with
2.08f the monoclinic high-temperature phase. The necessary trans-
\ 140 formation is as followsa'=a, b’=—b, ¢’'=—c with g’
\. g =180°- 3, andy’'=180°-vy. This leads to the unconven-
204 e 60°120180° 0° 60°120°180°°° tional final setting used for the description of the triclinic
Z(B,b) Z(B,b) modification of Cu-DTH and the atomic coordinates from

the structure refinement witBHELXL97 (loc cit) given in
FIG. 6. Anisotropy of they factor andAB,, in thea-b plane at ~ Table 113248
T=8.5 K. The full and open circles distinguish between the signals Table | contains a selection of characteristic structural pa-
of the two kinds of domains. rameters and Fig. 8 shows the unit cell at 120 K. The sym-
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TABLE Il. Atomic coordinates for Cu-DTH at 120 K referred to

the actual unit cell with a’'=6.7732), b’'=8.7233), ¢’ -
=14.852(7) A andy’ =93.452), B' =86.342), y' =89.812)°. N

Atom X y z C}/

cu(l) 0.5329 0.2164 0.4935 7

Cl(1) 0.2867 0.0898 0.5640 CiL

cl2) 0.6567 0.3339 0.6176 c12

S(1) 0.3462 0.2483 0.3690 si—cuZ |

S(2) 0.8123 0.2743 0.4083 G~

c(1) 0.2744 0.0555 0.3313

C(2) 0.5277 0.2931 0.2809 TN L ~

o) 0.7329 0.2275 0.2972 N

C(4) 0.8335 0.4837 0.4118 g /

Cu2) —0.0115 0.2334 —0.0133 o o

cl(3) ~0.2682 0.3450 0.0660 F

Cl(4) 0.1211 0.1131 0.0982 o

S(3) ~0.1654 0.2630 ~0.1459

S(4) 0.2967 0.2509 —0.0903 (@) (b)

C(5) —0.1966 0.4712 —0.1509 en o _ q o
o 00375 02950 0 oase Z(S(1)-C(2)-C3)-S(2)) =-53.1° L (S(1)-C(2)-C(3)-S(2)) = -51.0
o)) 0.2271 0.2994 —0.2013 Z(C(2)-C(3)-8(2)-Cu) =324°  Z(Cu(1)-5(1)-C(2)-C(3))=25.7°
c@®) 03718 0.0536 —0.1121 Z(CR)-S@)-Cu-S(1) =-43°  £(S2)-Cu(1)-S(1)-C(2)) = 1.5°

Z(S(2)-Cu-S(1)-C(2)) = -183°  Z(C(3)-S(2)-Cu(1)-S(1)) = -22.9°

metry code applying throughout in this paper is as follows: £(Cu-S(1)-C(2)-C3))=44.0° £ (C(2)-C(3)-S(2)-Cu(1)) = 47.5°
(i) 1—x, =y, 1=z, (i) 1—x, 1-y, 1=z (i) —x, -y, , , ,
—z, (iv) x—1, y, z The observed symmetry change from FIG. 9. Comparison of corresponding segmentsairthe high-

— . . . temperature form anb) the low-temperature form of Cu-DTH for
P2,/n to P1 accounts for the formation of twin domains chain 1. The conformational change jpseudorotatioras quantified

which have the axif010] in common, thus, giving a twofold 1, the torsjonal angles results in a shift of the dimer formation from

rotation twin. Obviously, the existence of a simple group-the upper to the lower part of the figuteee dotted lines, further

subgroup relatiof of type t2 does not prevent the transition details are given in the textVectorb approximately vertical, cen-
ters of inversion given as small circles.

to be typically first order as the metrical changes and the
observed hysteresis effects demonstrate clearly.

In space groupgPl the conformation of the copper com-
plexes and their linkage to pairs of centrosymmetric dimers
alongb is retained, at least in principle. Under the reduced
symmetry the chains around (liand Cy2), related by a 2
screw operation abové;, are now decoupled. For chain 1
the site where the dimerization takes place moves to the
same layer height as in the neighboring chaifs@e Figs. 8
and 9. This is the main reason why the screw axis is given
up. The transformation involves

(i) a conformational change within the Cu-DTH complex,

(i) an interchange between the longer and the shorter

Cu- - - Cu distance,

(iii) a turn of the bridging plane by nearly 90° since here

instead of C2) the dimerization is effected by (),

(iv) rotational adaptions for the complex unit around

Cu(d).

Chain 2—attributed to atom C2)—compares more di-
rectly with its counterpartnot the asymmetric unitof the

FIG. 8. Unit cell of Cu-DTH at 120 K. Dotted lines around the high-temperature form. Modifications are merely necessary
centers of inversioismall circle mark the dimerization sites. concerning the tilt of the S-Cu-S plane and the- C«Cu
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distances becoming more equal within the chain such that théae metrical changes of the lattice parametetseems plau-
interdimer separation is reduced at the expense of the contasible that the release of these tensions causes the crystal to
distances within the dimeisee Table )l split up into lamellas.

While the complex around GB) represents an inverted These observations shed some light on the mechanism
imagé* as compared to the asymmetric unit abdlg a  which leads to the structural phase transition. From the ESR
direct mapping can be tried for Cl) (see Table ). The results it is known that the orientation of the Cu-DTH com-
horizontally aligned S-Cu-S planisee Fig. 9 serves as in- plexes changes smoothly upon cooling. This opens the pos-
ternal reference for the five-membered ring which originatessibility to optimize the orientation of the methyl groups at
from the ligand attached to the copper center. The pattern dhe end of the 2,5-dithiahexane ligand which leads to the
torsional angles agrees well with the situation before thghase transition at 150 K. These results contrast with the
phase changéndividual differences not larger thatf), but  related compounds dichlo@7-dithiadecaneoppetll)*°
only if it is accepted that either Fig.(& or 9b) has to be and dichlorg3,6-dithiaoctangoppetll)*® (Cu-DTO) which
rotated by 180° in the direction of view. In reality, thpseu-  show no structural phase transition although the ESR results
dorotation is accomplished by the twisting of bond(Z}- reveal a comparable reorientation of the Cu-DTO complexes.
C(3) against the rest of the ring such that afterwards atonThe substitution of the methyl group by more bulky alkyl
C(3) sticks out of the ring plane, alethat atom @) had  groups obviously prevents the structure from running into a
before. In the transition state, the logaeudetwofold axis  phase change.
should become more symmetrical when passing hbH-

chair conformation C5).* IV. DISCUSSION OF THE ESR RESULTS
The reversal between the longer and shorter-CQu dis-
tance correlates with the angle between the vector connecting A. The g tensor
the Cu ions and the orientation of the S-Cthit serving as The principalg values of a Cu-DTH single crystal at room

a spacer between the complexes as long as this angle is cloggnperature arg=2.151(1) alongp and 2.0491), 2.0381)
to 10°, whereas dimerization is permitted for larger valueswithin the a-c plane. Due to the inversion symmetry tge
(see Table )L This swap of angles increases the length oftensors of the Cu-DTH complexes along the chains are
lattice parametec because directing the methyl group of equal. Theg tensors of chain 1 and 2 are related by a 2
C(1) towards atom GQH) requires additional spadsee Fig.  screw axis abov@ .. As a consequence of the small but not
8). R negligible interchain exchange interaction the ESR signals of
Since now atom Gl) acquires the e of the bridging chain 1 and 2 are averaged so that the measgréattor
partner towards a copper center in the next-lying layer, theesults from the average gftensor 1 and 2. The anisotropy
site of dimerization is changing height and it is turned byof g above the phase transition in Fig. 4 displays the sym-
approximately 90°, both with respect o Recalling that the  metry around the twofold screw axis alobg It is not pos-
linkage via C{4) stays fixed this new scheme gives rise to asible to extract from these data the relation between the
criss-cross arrangement of bridging planes between just ongructure of the Cu-DTH complex and the orientation ofjits
pair of layers in contrast to the high-temperature form. Thistensor. Assuming an axig tensor of the Cu-DTH complex
means, all dimers assemble in double layers of this type. the anisotropy within the-c plane could be attributed to a
As shown in Fig. 8 and by the corresponding angles ofcanting of theg tensor with respect tb. In such a model the
Table I the ring segments S-Cu-S cannot be expected to hganting angle is 17.6° and the eigenvalues ofghensor are
accurately lined up with their plane normals indirection g;=2.163(1) andy, =2.037Q5). However, the geometrical
due to the ring puckering and interactions between the comstructure of the Cu-DTH complex does not support an axial
plex units. But a characteristic change occurs during thgensor. It is known from our ESR measurements of the re-
phase transition. In space groB2, /n these tilts are held in  |Jated compound Cu-DTO that the axial symmetry of the
an opposed alignment by virtue of the screw axis, whereas ifensor is slightly distorteflg;=2.17231), g,=2.0335%1),
P1 they are pointing more or less into the same directiong;=2.0296(1) atT=200 K]. Therefore, the small anisot-
For chain 1 this affords a rotation of all complex units ap-ropy recorded in the-c plane reflects the interplay between
proximately around the line($)---S(2) by an angle close to the orthorhombic distortion and canting of tgetensors of
the value of Table | just doubled; i.ex218°. In chain 2 this the Cu-DTH complexes.
angle is simply reduced from 18° to 11°. The qualitative interpretation of the modifications caused
Still another rotation acts on the complex units of chain 1by the structural phase transition has to be based on the as-
(ca. 3° aroundb as estimated from thg010] projection. sumption that the correlation between the geometry of the
This smaller rotation in combination with the contraction of Cu-DTH complex and itg tensor is stable. This seems to be
lattice parametea and the triclinic distortion within the-c  justified since—as it was shown in Sec. lll—the geometrical
plane(angleB) is made responsible for the decreased lengtlparameters of Cu-DTH complex are only slightly modified
of the interchain contact S(1)-S(2Y) between type-1 by the phase transitiofsee Table)l
chains (see Table ). Similarly, the shortening of contact Below the phase transition there are two ESR signals with
S(3)---S(4Y) is explained except that an additional rotation nearly equal intensitysee Fig. % which can be attributed to
is not observed for chain 2. structural domains. The angular variation gfbelow T,
Taking into account that during a first-order phase transisplits symmetrically with respect to the high-temperature
tion normally considerable tensions build up in a cryétdl  variation in thea-b andb-c plane but not in thea-c plane.
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This is reminiscent of the twofold screw axis alobgvhich  largest main value of the PD tensors for chain 1 and 2 are

is removed by the phase transition. approximately parallel. This leads for each domain to a large
The modification of they tensors due to the phase transi- variation of AB,;, within the a-b andb-c plane.
tion reflects the structural changes. Abdlgthe small tilts It is important to note the different orientation of the av-

of the g tensors of chain 1 and 2 with respectlicare op- eragedg and PD tensors. Although there is only a small tilt
posed due to the ;2screw axis. Consequently the anisotropy of the g tensor in thea-b plane the shift of the anisotropy of
of the measured factor is symmetric with respect to(Fig.  AB;,, by ~=*=20° with respect tab indicates for the PD
4). In analogy to the inclination of théS-Cu-S-plane dis- tensor a large tilt opposite to the direction of theensor
cussed abovésee Table), it can be expected that beloty, (Fig. 6). When the sample is heated abdvgthe anisotropy
the g tensors of chain 1 and 2 point approximately in theof AB;,, in the a-c plane becomes larger whereas the anisot-
same direction. The averaged ESR signal of chain 1 and 2 i®py of AB;,, becomes smaller in the other plané&sg. 4).
no longer symmetrical with respect to and consequently Since the linewidth variation in tha-c plane reflects the tilt
theg factors of the domains are shifted with respedbtdhe  of the PD tensors it can be concluded that this tilt with re-
effect is strong and easily resolved in the plane(Fig. 4). spect tob becomes larger for temperatures above the phase
The shift in thea-b plane is small and can only be resolved transition. In contrast to the low-temperature phase the PD
for T<20 K (Fig. 6). tensors of chain 1 and 2 are related by the twofold screw axis
and hence, oriented in an opposed alignment afigveCon-
sequently, the exchange interaction between chain 1 and 2
leads to an averaged ESR signal with a reduced anisotropy of
The magnitude and anisotropy of the linewidiiB,, is  ABj, in the a-b and b-c plane. Based on these ideas it is
strongly influenced by the structural phase transition. Thepossible to simulate the experimental results. But it is not
relation with the structural modifications will be explained in possible to determine uniquely the parameters of the intra-
the following. The ESR signals of exchange coupled' Cu and inter-dimer PD-tensor of chain 1 and 2.
ions are mainly broadened by the dipolar interaction and Although the structure of Cu-DTH is formed by alternat-
anisotropic components of the exchange interaction betweeng chains, the ESR results show no typically one-
nearest neighbor¥.Since the smallest distances between Cudimensional properties. At high temperatures when the spin
ions are realized within the spin chains, the dipolar interacdynamics are characterized by diffusion the restriction to one
tion should lead to a maximum of the linewidth when thedimension leads to a nonLorentzian line shape and an en-
magnetic field is applied along. This expectation is not hanced contribution of the secular component of the aniso-
confirmed by the experimental resu{tompare Fig. ¥ Es-  tropic interactiorf*~**
pecially aboveT, the maximum ofAB;,, is observed within Instead, the ESR lines are of Lorentzian shape and the
the a-c plane. anisotropy ofAB4, is not characterized by an enhancement
The isotropic exchange interaction is a measure for th@f the secular components of the anisotropic interactions.
strength of the anisotropic exchange interacfioif’As for ~ The reduction ofAB;, with decreasing temperature above
the dipolar interaction, important contributions can be ex-T. as well as the shift is, therefore, probably not caused by
pected only for the intrachain nearest-neighbor interactionone-dimensional diffusive spin dynamics but due to spin-
The antisymmetric Dzyaloshinskii-Moriya interaction is sup- lattice relaxation and the reorientation of the Cu-DTH com-
pressed by the inversion symmetry between the Cu-DTHplexes. These results reflect the comparatively soft crystal
complexes along the spin chaitfs.*° Therefore, only the structure above the phase transition. The increas& R,
pseudodipolar exchange interacti@fD) has to be consid- for temperatures below~ 70 K indicates a three-
ered. As in the case of thgetensor the orientation of the PD dimensional character of the spin dynamics. The interchain
tensor is determined by the spin-orbit coupling. In contrast teexchange interaction which is responsible for three-
the g tensor, the PD-exchange interaction depends on thdimensional correlations can be caused by the small S
relative orientation of neighboring complex&s°This ex-  distances(compare Table)l between neighboring Cu-DTH
plains why the linewidth is so sensitive to the structuralcomplexes. The condensation into the nonmagn8tic0
phase transition. It is known that the PD-tensor is frequenthground state finally leads to the decreaseA&j, for tem-
similarly oriented as the averaggdensor of the interacting peratures below-20 K.
copper iong?! This simple relation is qualitatively confirmed
by the experimental results beloWw, (see Fig. 4. The cor-
relation between thg factor and the linewidth is visible in
the a-b and b-c plane, although the shift of the linewidth ~ The static magnetic susceptibility of Cu-DTH was char-
maxima in theb-c plane of ~+30° with respect tdb is  acterized by Hatfielcet al*° From an analysis for tempera-

B. The linewidth

V. MAGNETIC SUSCEPTIBILITY

larger than the corresponding shift of ttge factor (~ tures below 26 K they determined the parametdiis;=
+10°) (Fig. 4. These observations indicate thaB,,, is —28.8 K anda=0.87. The susceptibility was fitted by a
dominated by the PD-exchange interaction and not by théormula which approximates the results of numerical calcu-
dipolar interaction. lations of finite systems with up to 10 sit&s.

Below T, there are two kinds of domains with two differ-  Johnstoret al® calculated the static susceptibility of the
ent chains. Due to the structural properties of these chains #lternating Heisenberg spin 1/2 chain with high precision and
can be expected—as for tigetensor—that the axes with the published a formula which enables the accurate analysis of
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FIG. 10. Susceptibility of a polycrystalline sample of Cu-DTH FIG. 11. Fit(solid line of the susceptibility of Cu-DTHdots
(dots. The solid lines are calculated with the parametdfiss  yith two alternating spin chainéhe parameters are given in the
=-28.8K, a=0.87,g=2.08, andy,=—7x10"° emu/mol. The text). The lower panel shows the difference between the experiment
inset shows the low-temperature range. and the fitA = (xexp— Xtit)/ Xexp) - Curve 1 and 2 displays the sus-

ceptibility of chain 1 and 2, respectively.
experimental results in the temperature range down to
Tkg/|J|=0.01. In a recent paper Johnstaat,al® showed The exchange and alternation parameters of the two
that it is even possible to disentangle the properties of twghains correlate with the structural properti@able ). The
magnetically different alternating spin chains in (\8)0,.  exchangel, of chain 1 is stronger thad, of chain 2 as can
Their fit formuld® is therefore used for an analysis of the be expected from the shorter intradimer distance of chain 1.
magnetic susceptibility of Cu-DTH below the structural The smaller alternation parameterof chain 1 results from
phase transition. Figure 10 shows the static susceptibility ofhe larger interdimer distance of chain 1.
a polycrystalline sample of Cu-DTkKsample mass 19.951
mg) measured with a superconducting quantum interference VI. SUMMARY
device magnetometdQuantum Design, Magnetic Property ,
Measurement Systerfor a magnetic-field strength of 1 kOe We analyzed the crystallographic structure of Cu-DTH by

in the temperature range 1.8—300 K. A small step at 150 K<Y diffraction below the structural phase transition. Cu-

indicates the structural phase transition. DTH forms a twin-domain structure and each domain con-
The solid line in Fig. 10 shows the expected temperaturéiStS of two inequivalent spin chains which are characterized
variation by the exchange constants and alternation parameters
(EMB)Z —27.9(1) K, @,=0.991), respectively.
X= T}(*(a,t)'f')(o (2 Above 150 K the ESR signal is characterized by one

Lorentzian line. A temperature-dependent shift indicates the
with the parameterd/kg=-28.8 K anda=0.87 of Hatfield gradual development of Cu-DTH towards the phase transi-
et al%® and the averagg factor 0f§=2 08 of our ESR re- tion. Atthe phase transition there is a hysteretic discontinuity
sults.. ¥*(a,t) denotes the formula of johnstem al%6 with and the ESR signal splits for special orientations of the mag-

t=kgT/|J|. The temperature-independent susceptibiity netic field into two lines which is consistent which the for-

=—7(1)x10 ° emu/mol is fitted in the temperature range mation of the.twm—domam lstructure. . :
just belowT,.*" The maximum of the susceptibility is well The magnitude and anisotropy of the linewidth are re-

reproduced but not the low-temperature variation. The ﬁtmarkably influer_lced_by 'ghe phz_;\se transition. The an_alysis
cannot be improved by simply adding the contribution ofShOWS tha'g the "”?W'dth 1S dominated by the psguqlodmolar
Curie-like defect spins. According to the structure of Cu_exchange interaction and_ it turns out that the principal axes
DTH below T, there are two different chains. The results of of the exchange tensor differ .from thosg .O.f g)eensor.

Johnstoret al*® enable the analysis of the susceptibility be- Although the static mag.nenc §uscept|b|l|ty is well charac-
low the maximum. The fit parameters ate. ay, andJy, ay terized by a purely one-dimensional model the ESR signal

, — , i indicates no one-dimensional spindynamics.
of chain 1 and 2 ¢ and x, were not variegd The fit also
includes the contribution of defect or impurity spins which
are approximated by the Curie-lay,,e=C/T. Figure 11
shows the fitting results which lead to the parameters We thank Professor E. Dormann for helpful discussions.
Ji/kg=—29.3(1) K, a1=0.76(1) and J,/kg= This work was supported by the Deutsche Forschungsge-
—27.9(1) K, a,=0.991), C=5.2(8)x10 % emuK/mol.  meinschaft within the scope of the projects Nos. PI336/1-1,2
The rms deviation igr; = 0.966%. and PI336/3-1.
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