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Magnetization of Cu,(CsH,N,),Cl,: A Heisenberg spin-ladder system
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We study the magnetization of a Heisenberg spin ladder using exact-diagonalization techniques, finding
three distinct magnetic phases. We consider the results in relation to the experimental behavior of the copper
compound Cy(CsH1,N,),Cl, and deduce that the compound is well described by such a model with a ratio of
bond strengthsJ/J’) of the order of 0.2, consistent with results from the magnetic susceptibility. The effects
of temperature, spin impurities, and additional diagonal bonds are presented and we give evidence that these
diagonal bonds are indeed of a ferromagnetic na{l8@163-18206)51542-(

There has been considerable recent theoretical interest imhere\ (=1,2) labels the two legs of the laddéoriented
coupled chain systems for a variety of reasons: First the syslong thex axi9), j is a rung index [=1,...L), andJ and
tems provide an interesting step from the relatively well un-J’ are the bond strengths along and between the ladders,
derstood one-dimensional behavior towards two-dimensionakspectively. The final term represents an applied field in the
systemd(i.e., a dimensional crossoyeA second reason for directiona; we simplify this term tagug>H,S, although we
interest lies in the unusual and exotic behavior exhibited byshould note that anisotropic effects may have minor, but ob-
spin ladder systems, for example a spinigapd on doping, servable effects.
hole pairing, and a finite superfluid densftyA third, and The behavior of this Hamiltonian in zero applied field
indeed the dominant, motivation for this paper lies in the(H=0) and at zero temperature is now relatively well
increasing number of compounds which can be well deunderstooliand is perhaps best understood by first consid-
scribed by considering the behavior of strongly correlatecering the limitJ=0. In this case, the ground state has total
electrons confined to coupled chains. The compoundspin zero and is formed by creating a singlet bond on each
(VO,)P,0; (Ref. 3 and SrCyO; (Ref. 4 may be described rung; excitations require one of these singlet bonds to be
by ladder spin systems and recently doping has beebroken to form a triplet at an energy caokt. This gapped
achieved in Lg_,Sr,CuO, 5.° In this paper we shall concen- state persists with the introduction of interchain couplihg
trate on the magnetic behavior of the new copper compoungnd the triplets can propogate and form a coherent band with
Cuy(CsH1oN,) .Cly (Ref. 6 which in contrast to the other dispersiond’ +Jcok. A gap, and the associated dispersion,
examples, exhibits a spin gap which is relatively small,has been observed experimentally in the compound we are
thereby allowing a study of the magnetic effects with a relaconsiderin§ and it is believed that in a zero applied field the
tively modest magnetic field. We will show that the magne-energy spectrum of the system consists of a total-spin-zero
tization of the material is well described by the Heisenbergyyound state, a gap to the first excited statilet), and at

model on a ladder system. , higher energiesibands of states with even larger values of
Recent experimental work on @€sH15N,)Cly, includ- 5, spin.

ing magnetization, susceptibility, and spin resonance experi- |, this : : )
paper then, we will consider the effects of an ap
ments, has been presented by Chabousaal® The mate- plied field on the system, i.e., considering the magnetization

rial is thought to consist of effectively isolated coupled curve. With the application of a magnetic field, the states

cham; as shown in F'|g. L Superexchange gIves rise t© Jith nonzero total spin are split{<—HS,) and, with increas-
coupling along the chainitrengthJ) and an interchain cou- ing magnetic field, a magnetized ground state would be ex-

gllngv(\;%trerk\]gtlri' )’t ther? |sﬂan gdd|t|$nal leitgona:I Co‘iﬁ"!"g pected. In the first section, we calculatd(H) at zero tem-
beI: Z ts ?) Irs Irl]e?tﬁc Cbhsmcer: S” re a: |\(/je tst:etng . Itsh perature, and by comparison with experiment we deduce the
elieved 1o be small aithough we shall Include itlater INAne 4, 5,3 relevant to the compound. We then consider the

Paper. Using the susceptibility dat.a, perturbation theory, an ffects of a finite temperature, deduce the relevance of ran-
a high-temperature series expansion, Chaboustaithave '

deduced a bond ratid'/J~5.5. J
The Hamiltonian we shall use to describe the compound
is the Heisenberg model on a ladderq{R) system, defined

by

H:J,; Sj’l'Sjyz'i'J)\z} Sj,)\'Sj+l,}x

+ E gawU«BHaSij (1) FIG. 1. The Cu-Cu superexchange paths in the compound
My : Cuy(CsH1,.N,),Cl, (taken from Chaboussaet al).
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FIG. 2. Magnetization as a function of applied fielt(sat) is FIG. 3. Magnetization as a function of applied field for various

the saturated value of the magnetization and the singlet-triplet  values of temperature (8). The experimental dat40.42 K
gap with zero applied field. Results are shownJbl’ equalto 0.2, +— B~30) is shown as a bold line.
0.5, and 1.0 along with the experimental détald line).
may be considered as a condensate of low-energy bosons;
dom spin impurities, and calculate the effect of introducingyarying the field varies the chemical potential of the bosons
the small diagonal interaction. Finally, we discuss other posand the boson number corresponds to the magnetization. In
sible relevant factors. the limit of zero boson densityH—H,; from above the
. The tgchnique we have used in this study is Lanczos exaghagnetization is shown to behave &(H)H—H_, and
diagonalization on X' 12 and 2< 16 ladder geometries with here is a power law decay in the staggered magnetization
periodic boundary conditions. We have cor.13|der.ed the MOprthogonal to the applied fiefiFor H,;<H<H,, the spins
mentum of the statef,=(27/L)m wherem is an intege  exhibit a canted spin structure with a uniform magnetic mo-
and also the parity of the states under a reflection in thenent in the direction of the applied field. The square root
symmetry axis along the ladddeven R,=1) or odd  gingularity appears consistent with the theoretical behavior in
(R¢=—1)]. Since the Hamiltonian commutes with the com- Fig. 2.
ponent of total spin in the direction (S,), we may consider  \ve emphasize that the theoretical results with’ =0.2
the subsets o8, individually. For a specific value of applied are extremely close to the experimental data, and this ratio is
field, we consider the lowest energy state for each subset angnsistent with that deduced by Chaboussztrdl. by ana-
can then easily apply the field dependent term of the Hamilyzing susceptibility data. Notice however the rounding of
tonian =« —HS,. With increasing applied field, states with the experimental data in the region of the critical fiekis
larger S, become more favorable and we obtain a “stair- andH_, and the stronger singular behavior in the theoretical
case” of states in the magnetization curve until saturation. resylts. The aim of the remainder of this paper is to discuss
In Fig. 2 we show results from theX212 system for vari-  the origin of these effects and we first extend our results to
ous values of the ratid/J’ (and also the cas&J'=0.2 as  take into account the finite temperature, specifically looking
an example of the 16 system In addition, we plot the 4t the rounding behavior close k..
experimental results for the lowest available temperature |t js easy to calculate the complete spectrum of energy
(042 K) The magnetization is normalized in such a way thaqeve|s(by Considering each Subsetﬁ!separateh/and con-
the saturated system has magnetization unity and the appliegquently the thermodynamic quantities can be calculated.

field is normalized such that the value at which magnetizaror a specific value of the applied field the magnetization is
tion becomes nonzero is unity. For the cases WJith equal  defined by

to 0.5 and 1.0, we have plotted the staircase structure result-

ing from the finite system; using the midpoints of the s, sZeXp(—,BESZ)Sz

“steps” we have drawn a smooth magnetization curve. For — n , 2
the casel/J’' =0.2, the results from the two system sizes are 2n,sze><F(—,5’Ensz)

almost identical indicating that the finite size effects are very

small (this is also true for othed/J’). whereE:Z is the energy of theth eigenvalue of the Hamil-

Immediately we notice that two critical fields may be de-tonian[Eqg. (1)] with az component of spiis,. Since we are
fined: For an applied fiellH<H.; the magnetization re- only interested in the region of the magnetization curve close
mains zero(in a singlet ground statethe field H., corre-  to H,, we restrict the summation ov&, to S,=8 (for the
sponds to the singlet-triplet gap at zero applied field. Then2x 12 laddey; states with smallefs, contribute only mini-
with increasing magnetic field .,; <H<H,,, the magnetiza- mally in this region(this has been checkednd also subsets
tion increases until it reaches its saturation valuélgt At  with S,<8 include many more states and computational
this point it is worthwhile mentioning the work of Affleék limitations become important.
concerning gapped, integer spin antiferromagnetic chains: In The resulting magnetization curve for various values of
an axially symmetric situation the ground state abélg B is shown in Fig. 3; we concentrate dhJ’ =0.2 since this
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FIG. 4. Magnetization as a function of applied field including 1ot

random spin impurities. Various impurity weights are shown for a
temperature corresponding t6=230. The experimental data is

shown as a bold line. 08 |

corresponds closely to the effective ratio in the compound. It
is immediately obvious that the effect of temperature is to

cause a rounding of the magnetization curve, much as ob-
served experimentally. From experimental considerations,
we would expect a temperature corresponding to 02|
B~J'/T~13.2/0.42- 31 (where the 13.2 originates from the
fact that we have normalized such thEtis unity, see Ref.

M/M(sat)

® J=0.2 Jop =0
o0 J=0.18 J, =0
*---x J=0,18 Jop, =0.05
&--—aJ=0.18 Job =-0.1
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6). Therefore, while temperature does indeed effect the mag- 09, o 12 12 7

netization curve in the vicinity of the critical fields, there  (b) H/A

must be some other factor to explain the small discrepancy

between the theory and experiment. FIG. 5. Magnetization as a function of applied field including

The next step is to understand the effects that result due tagonal cross bondd, of various strengths(a) corresponds to
the presence of random spin impurities. We include a term id=0.225 and positivelo;, while (b) corresponds ta)=0.18 and

the Hamiltonian to describe the interaction of the local spind'€9ativele,. The experimental data is shown as a bold line and the
with random magnetic fields: result corresponding td=0.2 J,=0 is also included for compari-

son.

Himpzz Wi\S (3y  tance of a diagonal cross bond.f) as shown in Fig. 1. To
B include this affect we add the following term to the Hamil-
tonian

wherew; , is the impurity strength at the sife\ (as defined
in the initial Hamiltonian, chosen randomly between
—w/2 andw/2 andS;, is thez component of spin on that Hep=Jen Si15+12- (4)
site. In order to conserve the reflection symmetry, we choose !
the impurity weight of the two sites on a particular rung to be
equal (v; ;=w; ,). The inclusion of random spin impurities As suggested experimentafiyye takeJ, to be smaller than
breaks the translational symmetry of the systekp i6 no  bothJ andJ’. In Figs. 8a) and §b) we show the magneti-
longer a good quantum numbeand we also note that it is zation curve for various sets of parameters, the choice of
necessary to average over several realizations of the disordehich has been led by the desire to keeg,/H.; close to
due to statistical fluctuations. the experimentally deduced valdmcreasingJ., increases
In Fig. 4 we show the effects of including random spin the effective interchain coupling and to keep this ratio con-
impurities with various weightsv. The dominant effect of stant,J must simultaneously be increaged@he results were
the impurities appears to be an increase in the critical fieldtalculated for zero temperature on & 20 system(it has
H.,: a higher field must be applied to achieve saturated magbeen verified that finite size effects are negligibles pre-
netization. The effect on the rounding of the magnetizatiorviously, the results are normalized such thats unity, satu-
curve does not however appear to be the origin of the smatlated magnetization has value unity, afg is unity. In Fig.
discrepancy in shape aof1(H) between the experimental 5(a) we show the experimental data and the theoretical re-
and theoretical results. sults corresponding td=0.2 (J.,=0) as shown previously,
As a final investigation, we examine the possible impor-andJ=0.225 with the cross bond strength ranging from 0 to
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0.2. A similar plot[Fig. 5b)] shows data corresponding to agonal interactions appear to be ferromagnetic. The discrep-
J=0.18 andnegativecross bond strength ranging from 0 to ancy that still exists however is perhaps not surprising since
—0.15. we are using only a simple Heisenberg model. Some com-
Several interesting features are apparent in the resultplications may arise due to the fact that in the experimental
First, introducing the cross bond interactions does not affeciata provided, the fieldd,, is not applied perpendicular to
the overall behavior of the magnetization curve. The majothe plane of the chains and hence the magnetizatibis not
effects are to first chandé,, (this effect is not apparent due Parallel to the applied field: there isgafactor anisotropy.
to the normalizatioy) and second to change the shape of the . Another point we should make is that we find various
magnetization curve slightly. Positivk,, in fact changes the choices of parameters which give reasonably good agree-
shape away from the experimental behavior, seeming to ipnent with th? experlm_er_1tal results. Fitting th_e magnetization
crease the singularity behavior. Surprisingly, a negaliye curve alone is not sufficient to allow the relative strengths of

. : ~ _the parameters to be fixed extremely accuratéig Heisen-
appears to shift the theoretical curve closer to the experlmerBerg chain with both nearest and next-nearest neighbor
tal behavior, with sayyj=0.18J.,= — 0.1 being a reasonable

interactions also gives similar results We can however

parameter choice. The results seem therefore to suggest a,ye reasonable deductions about the effective interactions
ferromagnetic diagonal interaction, and further mvestlgatlon?)resent in the compound.

of the orbital behavior in the compound are required to de-
duce if this is reasonable.

Summarizing the results above, we find that the Heisen- Laboratoire de Physique Quantique, Toulouse is Utite
berg model on a ladder geometry describes well the magndRecherche Associau CNRS No 505. C.A.H. and D.P. ac-
tization of Cy(CsH1,N,),Cl, with a ratioJ/J’'~0.2. Tem-  knowledge support from the EEC Human Capital and Mo-
perature causes a rounding of the magnetization curves in thglity program under Grants No. ERBCHBICT941392 and
vicinity of the critical fields and random spin impurities tend No. CHRX-CT93-0332. We also thank IDRI®rsay for
to increaseH.,. Diagonal bonds improve the theoretical/ allocation of CPU time on the C94 and C98 CRAY super-
experimental agreement further and we suggest that the déomputers.
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