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Antiferromagnetic exchange in two-leg spin; ladders
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(Received 4 June 1996

Extraction of antiferromagnetitAF) exchange constanfsandJ’ in two-leg spins nearest-neighbaiNN)
Heisenberg ladders from experimental magnetic spin susceptif{fy data is studied, wher&' is the NN
exchange constant in the rungs ahds that in the legs. Two lovi (T<J/kg) approximations of Troyer,
Tsunetsugu, and Wtz [Phys. Rev. B50, 13 515(1994] for x(T) of the isolated spirktwo-leg ladder with
J'/1J=1 are shown to be accurate t610% when extrapolated t6~J/kg. The variations in the magnetic
excitation dispersion relation parametgrghich enter the lowF expression of Troyeet al. for x(T)] for
J'1J<1 are inferred from previous theoretical results. Next, the values of the maxingéTiy= x™ from
many numerical calculations in the literature for various nonfrustrated%NiN-Heisenberg antiferromagnets
are considered. The values of the prody€®z. are found to depend systematically and almost unigely on an
effective magnetic coordination numtey;, defined in the text, but are nearly independent of the dimension-
ality of the spin lattice and of the magnitude of any gap in the magnetic excitation spectrum. This observation
allows accurate bounds on the exchange coupling constants in arbitrary quasi-low-dimensioéaimij'err-
romagnets to be inferred from experimentdl® values. Finally, a mean-field-type expression f¢iT) for
arbitrary quasi-low-dimensional sp%Heisenberg antiferromagnets is derived, using the ayd¥phenom-
enology as input, which allows the influence of intersystem coupling(@ to be evaluated. These results,
and thex(T) calculations of Barnes and RiefRhys. Rev. B50, 6817 (1994] for isolated two-leg spiry
Heisenberg ladders, are used to analyze the experimefiijldata of Azumaet al.[Phys. Rev. Lett73, 3463
(1994)] for the spins two-leg ladder compound SrG@;. The analyses together suggest thatl~0.5,
contrary to the expectation that/J~1, and thatl is very large (-2000 K), similar to the value ofl in the
linear-chain cuprate $€u0;. [S0163-18206)01442-1

[. INTRODUCTION netically ordered state from the spin liquid, since slightly
perturbing the system by replacing only 1% of the Cu by
Spin configurations formed by couplimgspin chains side  Zn is sufficient to induce long-range AF ordéiThe two-leg
by side in a plane are termedleg spin ladders. The study of ladder compound LaCug) (high pressure forpnwas ini-
spin- ladders with increasing numbers of legs is one way tdially reported to have a spin-liquid ground state with a spin
approach the physics of the square lattice of spins as in thgap* but was subsequently inferred to order magnetically at
layered cuprate superconductor parent compounds, corre=110 K!° Calculations indicate that the ratio of the inter-
sponding ton—co. Such spin ladders have received increasdadder to intraladder exchange coupling constants in this
ing attention over the last several yearSor antiferromag- compound is~ 0.1 to 0.25:%7
netic (AF) Heisenberg exchange interactions between Barnes and Riefaalculated the spin susceptibility versus
nearest-neighbofNN) spins, the only case discussed here temperaturee(T) for two-leg spins ladders and obtained an
the spin Hamiltonian of th@-leg spin ladder is excellent fit withJ~J' to the x(T) dat& for (VO),P,05.
They also predicted thah~J/2 (at wave vectork=m/a
, along the ladder whera is the spin-spin distangdor this
H:J“z.> S-S+ <%> S-S oy compound, which was subsequently confirmed by neutron
! ’ scattering measuremenrtsFor wider ladders, théunfrus-
whereJ,J’ =0 for AF coupling. The first sum is over distinct trated even-leg ladders are predicted to continue to show
NN spin pairs in each chaifover legs of the laddgrand the  spin gaps with a magnitude decreasing withwhereas the
second is over distinct NN spin pairs in adjacent ché&ver  odd-leg ladders display behavior similar to that of the gap-
rungs of the laddér The spin exchange coupling constant isless isolated linear chaif'®-22The latter prediction was
J within a leg and)’ within a rung. verified for the three-leg ladder compound,Su;0 5, which
Experimental research on spin ladders was stimulated bghowed no spin gdp'® and exhibited disordered static AF
theoretical predictions that th@nfrustratedl spin- two-leg  ordering below~50 K.!! Also stimulating the experiments
ladder should have a nonmagnetic quantum ‘“spin-liquid” on such materials were predictions that superconductivity
ground state, with a spin-gapto the lowest magnetic triplet might occur by a purely electronic mechanism in weakly
excited state$;in contrast to the isolated chain which has coupled and weakly doped even-leg laddet&2%2*To date,
no spin gap. This prediction was verified for the spitwo-  the only spin-ladder compound reported to be doped into
leg ladder compound$VO),P,0; (Refs. 5 and § and the metallic state is the two-leg ladder compound
SrCu,03.”71? The ground state of SrGO; is evidently La,_,Sr,CuO,s, and no superconductivity was observéd.
very close to the critical point separating the antiferromag- As in (VO),P,0-, an estimate oA in the two-leg ladder
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FIG. 1. Representative magnetic spin susceptibilitys tem-
perature data for SrGD; (Ref. 9, filled circle$. Also shown as
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A=~J[2 34192025 this case one obtain¥kg~840 K for
SrCu,05.° Surprisingly, this value is considerably less than
the rangel/kg = 1700—3000 K estimaté®>*for the linear-
CuO3-chain compound SICuO; and also much less than
values of~1500 K found? in the layered cuprate supercon-
ductor parent compounds.

Herein, we first analyze in Sec. Il the fits to and the mag-
nitudes ofy(T) as reflected in the value &, assuming that
the interladder exchange coupling is negligible. We show
that the experimenta\ value for SrCyO; (Ref. 9 in Table
| is not consistent with the assumption tdat J’ for isolated
ladders, but rather indicates th#t/J=<0.5. From fits of the
x(T) data by the calculations of Barnes and Riévee con-
firm this estimate. The assumption of isolated ladders also
leads to the conclusion that the AF coupling along the ladder
legs in this compound is very strond#2000 K). The in-
fluence of interladder coupling on(T) is discussed in Secs.

Il and IV. In Sec. Ill, a general method is presented for
estimating exchange constants in unfrustrated AF quantum
Heisenberg spig-systems from the maximum spin suscep-
tibility x™® value when the effectivenagneticcoordination

open symbols and connecting lines are fits to these data by theumberz.s is unknown or unclear, such as can happen, for

calculations of Barnes and Riera for the isolated spiwvo-leg

ladder (Ref. 6 for several ratios of the rung to leg exchange con-

stantsJ’/J and for the fitted values df.

compound SrCyO5 (Ref. 9 has been made frony(T)
measurements. A few representativg(T) data for
SrCu,03 (Ref. 9 are plotted in Fig. 1. To obtain a value for
A, Azumaet al? fitted their x(T) data by the prediction of
Troyer et al® for isolated spin ladders,

x(T)= ie— AkeT, )

ﬁ

wherekg is Boltzmann'’s constant. A very good fit was ob-
tained(not shown in Fig. 1 with A/kg = 420 K, and with
the A value in Table I. Assuming that~J’, as usually done
up to now when considering spiiadder compounds and
found as cited above for(VO),P,0;, one has

example, in spin-ladder compounds if the strength of the
interladder coupling is not negligible. From this treatment
and the experimental data, bounds are placed on the inter-
and intraladder coupling constants in SgQs. In Sec. 1V,
using a mean-field approach and the results in Sec. lll, an
expression fory(T) incorporating the influence of interlad-
der coupling ony(T) is derived and utilized to fit the data
for SrCu,O3. The inferred values o3’'/J andJ are similar

to the above values obtained by assuming negligible inter-
ladder coupling. Concluding remarks are given in Sec. V.

II. MAGNETIC SUSCEPTIBILITY OF ISOLATED SPIN- %
TWO-LEG LADDERS

The general form for the “magnon” dispersion relation of
an isolated spir-two-leg ladder near the minimum at wave
vectork=m/a is given by

e(ka)=A+ y(5ka)?, ®)

TABLE |. Parameters describing the lowest triplet excited state dispersion relation for two-leé Ispiders(see text A number in
parentheses in the lower table is the estimated standard deviation in the last digit of the preceding quantity. TheAuarts b 3

cm® K ¥3/mol Cu. Equation numbers refer to the text.

C d A A Ref. /A Eq.
ompoun A K e bl (10 K) v q
kB kB
SrCw,04 420 4 9 1.4 33 (5)
Theory
J'J £(0)/J A/J Co £(0)/A yIA Eq., Ref.
2.0 3.1481) 1.28073) 0.593) 2.481) 0.902) (10, 4
1.0 1.891) 0.51(3) 0.882) 3.72) 5.33) (10, 4
4.9 9
eM(k) 0.496 6.39 25
£ (k) 0.517 5.07 25
0.5 1.094) 0.30(16) 1.023) 3.719 16(5) (10, 4

24.

®)
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<10% from the accurate calculatiérfs for at least

042 kgT/J<1, correspondintf+?*%5to kg T/A=<2.
L Bamnes and Riera Second, as will be seen below, for comparison with
0.10 |- (1994) theory it is important to be able to determine the parameter
J=J v, in addition toA, from the experimentay(T) data. From
0.08 L Eq. (4), this in turn requires that thg factor be known or at
« o [ '-°¥V-T Apﬁfori":i;gans i least quantitatively estimated. To our knowledge, for'€u
D o6l A b (1999 ] in square-planar oxygen coordination, with or without apical
% 1 [ LowT Approsinaton oxygens, theanisotropi¢ g factor is always=2 ?° as is the
= [ 1] case in, e.g., LgCuO, as determined frony(T) data® and
0.04 - 17 YBa,Cuz0¢. s from NMR data®* This observation origi-
nates from the negative sign of the spin-orbit coupling pa-
0.02 L ] rameter for Cu? and from the crystalline electric field ef-
r gt 1 fects on thed-orbital energies. Thus, thg value is not an
c /o At arbitrarily adjustable parameter. An averagealue of about
0'000_0 0.2 0.4 0.6 0.8 1.0 2.1 is consistent with t,he maximum observed ordered mo-
kg T ment (~0.7ug) in the Neel state of the AF insulator layered

cuprate parent compoundisWe therefore question recent

FIG. 2. Magnetic spin susceptibility vs temperature™ com-  analyses ofy(T) data yieldingg<2, in the absence of jus-
puted for the spirg two-leg ladder withi=J’ (Ref. 6. Also shown tification for theseg values, for S;CuO; (g = 1.6) (Ref.
are extrapolations to high of two low-T approximations of Troyer 27) and SrCyO; (g = 1.4-1.55.% Since theg factor
et al. (Ref. 25. In the inset are shown the computgdT) for a  comes intoy(T) calculations as the square, sughvalues
spin-5 dimer in Eq.(6) and the extrapolated loW-approximation.  reduce the calculateg(T) (andJ, see belowby roughly a
factor of 2 from those calculated usiggz 2. In the remain-
where sk=k—m/a in the extended zone scheme and theder of this paperg will be taken to be the fixed value 224.
parametery is the curvature at the band minimum as defined The third issue to be addressed is the magnitude of
by Eg. (3). Using this form, Troyeeet al.?® obtained an ex-  y(T), which is reflected in the value & in Eq. (2). From
pression fory(T) in the low temperature limitigT<A and  Eg. (5), theA value for SrCy0O5 yields they value in Table

kgT<< magnon bandwidth, given by I. The experimentalA value in Table | then gives
vIA~33. This ratio is about a factor of 5 larger than pre-
- Ng?us o AlkT) @ dicted for the casd=J’ for the eM(k) and&(®(k) disper-
— ex _ , . . 25 . .
X —ZkB (oK) T B sion relations of Troyeet al,“> as shown in Table I. With

decreasingl’/J, A/J decreased? Also, asJ'/J decreases,

whereN s the number of spins 1/2) is the Landefactor,  the curvaturey at the magnon band minimum increa8és?
and g is the Bohr magneton. Fdd = 1 mole(Avogadro's ~ From these considerations, one expects the ratib to in-

numbe}, one obtains Eq(2), with crease with decreasing’/J. The fact that the observed
vl A ratio for SrCwO5 is much larger than those predicted
92(0.1058 cm KYZmol) for J'/J=1 thus suggests that/J is significantly less than
= . (5) 1 in this compound.
NBZLS An estimate is now made ofy/A versus J'/J for

. , o J'/1J<1. The dispersion relation for a single isolated chain
Several issues are important regarding fity OF) data by  g36 £%(ka) = (J/2)|sinka)|. In the presence of a spin gap
Eq. (2) for two-leg ladder compounds. The first is that Eq. 5 the modified dispersion relation neea= r is assumed to
(2) is derived for the lowF limit, whereas for SrCwO,° for bés(ka)%{AZ_’_[SO(ka)]Z}l/Z_ Expandings®(ka) for small
example, the data and fit extended to a temperature eviations sk of k from m/a then gives y/A~
1.5%/kg . It is thus not clear how the experimental param-(1/8)(7TJ/A)z_ TheA/J versusl’/J results of Barnest al

etersA and A are relateq to the calculated ones in E@S. for the bulk limit and forJ’/J<1 are well fitted by
and (5) when data are fitted over an extendedange. At

present, calculations are not available to address this issue A/I=0.43"13)+0.1(3'13)?, @)

for arbitraryJ’/J. However, as shown in the inset of Fig. 2,

if J=0 (A=J"), corresponding to isolated rung dimers, theas shown in Fig. 3. Combining the last two expressions gives
low-T approximation y, (T)=[Ng?u3/ksT]e 2/%eT seri-

ously diverges from the exact result Y 7.7%313")2

A [1+0.253'13)]% ®
Ng?u? e kel
XD ==~ 173 5T (6)  Using Eq. (8), the y/A ratio is predicted to be 4.9 for
. J'/J=1, which is close to the estimates fdf/J=1 by
for T=0.3)'/kg. In contrast, as shown in Fig. 2, the two Troyer etal? in Table I. ForJ'/J=0.5, Eq.(8) gives
low-T approximations of Troyeet al?® for J=J' [for dis-  y/A~24.
persion relations:(*(ka) and £(?(ka) with the A and y The e(ka) for the 2x 12 spin3 two-leg ladder has been

parameters in Table| lare found using Eq4) to differ by  calculated using Lanczos techniques by Barnes and Riera
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(but still not optimum fit. The evolution of the fits with

06T T decreasingd’/J indicates that)’/J is somewhat less than
L 0.5, and thatl=2000 K.
o5k TheJ’/J ratio derived for SrCyO 4 from consideration of
I the y/A ratios in Table | £0.5) is consistent with the inde-
[ AW = 04(J'N) + 0.1(JW)? pendent theoretical fits to thg T) data in Fig. 1. In addition,
0'4:_ usingJ’/J=0.5 andJ=2000 K from above, Eq(7) yields
- 1 A/kg=450 K, similar to the experimentally inferred value of
3 0.31 y 420 K in Table I. We note that the calculations of Gopalan,
r 1 Rice, and Sigrisf for the “trellis” spin lattice in SrC,04
02k h indicated forJ’/J=1 that A for each individual ladder is
r ] unaffected by the frustrated intralayer interladder interac-
r ] tions. However, the strength of interlayer interladder interac-
01 7] tions was not investigated, but may be significant and impor-
C Bames etal. (1993) | tant to the interpretation of the(T) data®’ an issue which
ool v e ] we now address.
0 0.2 0.4 .06 0.8 1
JN
Ill. ANALYSIS OF THE MAXIMUM SPIN
FIG. 3. Computed spin gap vs J'/J for the spins two-leg SUSCEPTIBILITY FOR SPIN- ; HEISENBERG
. Oo. > -
ladder, in the regiod’/J<1 (Ref. 4. The solid curve is a polyno- ANTIFERROMAGNETS
mial fit of order 2, forced to pass throug®,0), to the data. In this section, we consider the information that can be

gained about the AF exchange coupling constants between
for J'/J = 2, 1 and 0.5. Fod’/J = 2 and 1, their values the spins of a material from the measured maximum value
AlJ=g(m)/J=1.28 and 0.52, respectively, are in good yM¥ of y(T), assuming nearest-neighbor Heisenberg ex-
agreement with respective bulk limit calculatiol:®?°?®  change interactions only. The spin Hamiltonian for a general
For J'/J=0.5, their value of 0.29 is about 30% larger than system is written
the bulk value in Fig. 3,as expected? Estimates ofy/A
versusJ'/J can be obtained from the(ka) calculations.
Barnes and Riera found that their data could be fitted well by H=> JiS- S, (11

(i.j)

e(ka)=[£%(0)cog(ka/2) + £2(m)sirf(ka/2)
where the sum is over unique nearest-neighbor pairs and

+c5(mdi2)?sir?(ka) ]2 (9  J;;>0 denotes an AF interaction. Here the discussion is lim-
ited to bipartite(two-sublatticg magnetic lattices in which
an ordered collinear AFNeel) state can be imagined where
all the nearest neighbors of a member of one sublattice be-
long to the second sublatti¢gether cases will be briefly dis-
cussed at the end of this sectjodf all J;; are the same

where A=¢(7). For J'/J—0, one must have:(0)—0,
e(m)—0, c,— 1. Our fitting parameters of the(ka) calcu-
lations are listed in Table |. Fdta close to the band mini-
mum at, Eq. (9) yields

y  1[[&(0)\2 e\ 2 (=J) and each spin has the same nunmibef nearest neigh-
N ( el ( AO ) } (100  bors, molecular field theorMFT) predicts® that
The values ofy/A obtained from Eq.(10) and from the X"z 1
¢(0), A andc, parameters in Table | are listed in Table I. N2 2= 5" (12)
Ng“ug 2

The y/A ratio is seen to increase strongly with decreasing
J'1J. ForJ'/J=1, thevy/A ratio is comparable with those of
Troyer et al. and our estimate using E¢B) in Table I. The
vyl A value forJ'/J=0.5 for the 2X 12 ladder is somewhat
smaller than our estimate from E) for the bulk limit.

The above estimates of A and comparison with the ex-
perimental value in Table | suggest thdt/J<0.5 in
SrCu,O3. Equation(8) and the observegl/A ratio in Table
| suggest that 04J'/J<0.5 in this compound.

Numerical calculations ofy(T) exist for J'/J values , :ixz 3 13
down to 0.52°3 The theoretical y(T) predictions for eff ™ gmax& =i »

J’/J<1 by Barnes and Riefavere therefore scaled onto the

experimental dafsfor SrCu,O5 in Fig. 1. For each value of \hereJmax = max(J;;). Then, Eq.(12) becomes
J'1J, J was varied until agreement with at least the highest

T experimental data was obtained, as shown in Fig. 1. As maxjmax, 1
anticipated above, values 8f/J=0.9 are clearly ruled out, X—Zze“: —.

with the lowest available valu&'/J=0.5 providing the best Ng“up 2

independent of spirs. One can generalize E¢l2) to sys-
tems in which the magnetic environment of each spin is the
same but where thd;; are not equal. Since in Eq12)
Jz=%,;J;;, where | runs over all nearest neighbors of a
given spini, we define an effective magnetic coordination
numberz.; by

(14)
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max H H 1 1+
S=1/2 AF Heisenberg Lattices X" depends primarily O, and is not sensmye(to_
—— T ————— within ~ 10%) to the space dimensionality of the spin lattice
Molecular Field Theory~_ - ] or to the magnitude of any spin-gap relativeJtt™
08p e e ] To illustrate the utility of the theoretical calculations in
s Fig. 4 [and/or of the fit to those data in E(L5)], consider
N_—f 0.4f - the x(T) data for SrCyOj5 in Fig. 1. It appears that™* is
o [ v given to within a few percent byy™=1.0x10 4
< ! s Zduare cm?®mol Cu (this is confirmed below in Sec. IV Then Fig.
o 0.3 . B‘é?es?gf’{"a%. ] 4 and/or Eq.(15) yields the following quantitative insights.
§ L : g—LeLgalt-tadder ] First suppose that interladder spin exchange coupling is neg-
%> 0.2f n gﬁhplebc;ubic ] ligible. If the exchange coupling within the ladder is isotro-
52 X be gié‘;uLla%der pic, thenz=3 (=z.) and J/kg=1900 K; this estimate of
I S et g tatt | 1 J/kg is more than a factor of 2 larger than the estimate of
0.1 = ]
: —',‘:”ﬂ 1 ~840 K cited in the Introduction assuming isotropic ladders.
----- Fit2 ] If the intrachain interactiol)=0, thenz=1 and the rung
0'00 é . "‘ L é ;3 ] exchange constart’/kg= 3300 K. On the other hand, if

J' =0, corresponding to isolated chains witk 2, then the
eff intrachain J/kg=2460 K. If J'/J=1/2, then J"®=],
Z.=2.5,J/kg=2140 K and)’'/kg= 1070 K; these values are

FIG. 4. Computed maximum spin susceptibility™=  consistent with those found above in Sec. Il for SsOy.
max x(T)] times the effective magnetic coordination numizgf Now suppose that interladder spin exchange coupling is
Vs zo from the literature for various spih-Heisenberg antiferro- not negligible. For example, suppose tkat=4 (implying a
magnetgsee text Fits 1(solid cgrve) and 2(dashed _cur\oeare fits strong interladder spin exchange coupling SrCu,Os,
o the data by Eqs15) and(17) in the text, respectively. which would correspond to an isotropic square lattice, or,
Of course, MFT neglects strong fluctuatiésynamic short- e.g., to an isotropic two-leg ladder with intraladder exchange
range AF order effects which increase with decreasi®g constant] and where each Cu spin in a ladder is coupled to
and with decreasing or zs; . Accurate calculations and mea- a Cu spin in each of two adjacent ladders with exchange
surements are expected, and found, to give"& smaller  constant]/2. Then one obtaind=1560 K, again still much
than predicted in Eqs12) and (14). One might expect a larger than the estimate of 840 K in the Introduction but
systematic variation of™J™®Z.«/Ng?ug with ze for a  similar to the known exchange coupling constants in other
given S, with the deviation from the MFT prediction of 1/2 similar cuprates. To proceed further and determine which of
decreasing with increasingy. the above or other possibilities actually applies requires fits

To test these ideas, calculationsxdt™ from the literature  to the y(T) data by specific models. This was done assuming
for various spin systems are presented in Fig. 4 as a plot ofno interladder exchange coupling in Sec. II. Fits assuming
XMz, ING® g Versuszey. A systematic variation is non-negligible interladder coupling will be presented in Sec.
indeed observed versugy, with the deviation from the |y,
MFT prediction decreasing with increasiagy, as expected. Finally, the influence of possible magnetic frustration on
Included in Fig. 4 arey™ data for lattices with isotropid  the phenomenology in Fig. 4 is briefly discussed. All of the
(i.e., Jjj=J, filled symbols |_nclud|n928the dimer £ = 1)  ymax 4ata in that figure are for nonfrustrated bipartite AF
from Eq. (6), the Imggr chain 2=2),” the planar honey-  gpin Jattices. An example of a frustrated lattice is thse-
comb lattice ?:3);10 the ordered defect square lattice packed planar triangular lattice witlz=6. For an isotropic
(z=3) of CaVv,0,," the two-leg ladder =3),” the  5—1/2 Heisenberg antiferromagnet on this lattice, Elstner
square Iattlce_z(=4),32'3_9*41 the two-layer square lattice et 4| find that y™2 JNg2u?=0.536% significantly larger
(z=5), the simple-cubic |§£th9 Z=6), and the body-  han the value in Fig. 4 faz=6, indicating that the geomet-
centered-cubic latticez=8).” For the Isotropic nonfrus- ¢ frustration suppresses the development of dynamic short-
tratedn-leg ladders witm = 3, 4, 5, and 67 Z e is defined  range AF order. Other frustrated lattices include isolated
to be the average coordination number of a spin in a laddeg,sters ofN spins (N>2) in which each spin interacts with

Ze=4—(2/n). In addition, lattices with anisotropi&; (0Open  eyery other spin in the cluster with the same exchange con-
symbolg are included in Fig. 4: the alternating-exchange lin-giant 3 where z=N—1. The energy of such a cluster is

ear chain in which two different;; alternate along the chain given exactly in terms of the total sp@ of the cluster by

- 6 i i -
(Zett = %'225_1'8* the anisotropic two-leg ladderzfy = g —(3/2)S(S+1), apart from an additive constant, where
1.2-2.9,>*and the anisotropic ordered defect square latticg,, N even and constituent spids-one hasS=0, 1, ...

- 40 ; s
of CaV4Q9 (Zesf = 2-2.79. The solid CUrve In Fig. 4 ',:'t N/2. The energy level degeneracies ap(l') to arbitrary
1") is a fit of all of the data by the empirical expression accuracy are easilly evaluat¥tf® We  find

gy ] X"z INg*u§=0.4024 forz=3, 0.5065 forz=5, 0.5715
NEZ - Etanr(o.477zg§’21 : (15  forz=7,.... .These values are again larger than those for
B

the respectivey; values in Fig. 4. Therefore, for given val-
Equation(15) becomes identical with the MFT resiflt4) in  ues of Y™ andzs, the value ofJ™® obtained from Fig. 4
the limit of largez.;. Remarkably, it is seen from Fig. 4 that or Eq. (15) is evidently a lower limit.
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IV. TEMPERATURE DEPENDENCE
OF THE SPIN SUSCEPTIBILITY
OF QUASI-LOW-DIMENSIONAL
HEISENBERG SPIN SYSTEMS

A. General considerations

We now consider the relevance of the theoretical data in
Fig. 4 in determining the influence of intersystem spin cou-

plings on the temperature-dependenspin susceptibility

x(T) of the total coupled system. In particular, suppose one

has an isolated spin system withy=z, and an accurately
known spin susceptibilityyo(T). In the absence of an ex-
plicit accurate calculation of(T) for coupled systems, one

must resort to some sort of mean-field theory to calculate it.

Such theories often give the general form
X(T) =xo(M/T1+Axo(T)], where\ is independent ofT.
Since this expression is presumed to hold at €acih must
hold in particular for the temperatufE"® at which y is a

NSTON

T T T T ]
1.0f
S 0.8F
o
E
= 0.6
£
T" [ ¢ DATA
o 04 ——JN=052"=1 ]
= —e—J =07,z =164
0.2 ——J=1,22=30 | -
0.0-..1..:l|..I.||I...
0 200 400 600 800 1000

Temperature (K)

maximum, which allows us to make contact with the theo-

retical results in Fig. 4. This expression is consistent with

Fig. 4 if, as will be shown in the next paragraph, it is written
as

_ Xo(T)
1+ 2(Zest— 20) [ Xo(T)I™INg*ug]”

x(T) (16)

The strength of intersystem exchange coupling is containe

in the parameter* =z.4—z,. Equation(16) will be used
below to fit the experimentg}(T) data for SrCyO5, where
in this casey(T) is the susceptibility of an isolated spin-
two-leg ladder.

After multiplying both sides of Eg. (16) by
J"7.«INg?u3 and settingl =T™®, one obtains
XTI X597 NG .
NGE 1+ 20z 200 I iNgZaZ)

The dashed curve in Fig. @Fit 2" ) is a fit of all the theo-
retical data points in Fig. 4 by Eq17) for z,=1; the fit is

seen to be accurate to about 10% for all of the data point
and much better than this for most of them. Essentially the

same fit was obtained for<2z,<5. In the limit of large
Zeit, EQ.(17) yields the MFT result, Eq(14); this is in fact
the criterion by which the factor of Zrather than, e.g., a
more precise value for a given fitting range zf;) was in-
serted in the denominators on the right-hand-sides of Eq
(16) and(17).

B. SrCu,0,

In this section, fits by Eq(16) to the experimenta(T)
data in Fig. 1 for SrCyO 5 will be presented. Foxy(T), the
calculations of Barnes and Riéreor J’'/J = 1, 0.7 and 0.5
are utilized. Before giving the results, we point out that Eq
(16) is expected to be accurate when fittiggT) data for
which y=x™® since Eq.(16) was derived for this regime.
However, the accuracy of Eq16) is unclear for the range
x<x™ For example, the spin gap decreases when nonfru
trated interladder coupling exists,which is expected to
cause the lowest-temperature behavioy 6T) to be signifi-

FIG. 5. Measured spin susceptibility vs temperature for
SrCu,03 (Ref. 9, as in Fig. 1. Theoretical fits to the data assuming
the existence of interladder coupling, by E@6) in the text and
using the calculated spin susceptibilities of isolated two-leg spin-
% ladders of Barnes and Riera f#t/J=0.5, 0.7, and 1(Ref. 6 are
shown by open symbols and connecting lines.

?2300 K) experimental data; agreement of the extrapolated
fit with the lower-temperature data, when it occurs, is tenta-
tively considered to be fortuitous.

The fits by Eq(16) to the experimentay(T) datd in Fig.
1 for SrCu,03 are shown in Fig. 5. An essentially perfect fit
to the highT data was obtained for each of the three ratios of
J'13. For J'/J=1 (z,=3), the best fit gave
Z* =27.4—29=3.0(3) andJ/kg=1120(30) K. The value of
z* (and consequently’/J andJ) is not acceptable, since it
corresponds to each Cu spin in the sample having the same
unfrustrated coupling to each afyz = 6 nearest neighbors,
equivalent to a simple-cubic spin lattice in three space di-
Qwensions. Such a system would not exhibit the strong short-
ange AF ordering over such a large temperature range as
observed, but rather would exhibit long-range AF order at
Ta~Jdlkg .2 Ford’/J = 0.7 (zy=2.7), the valueg* = 1.65
andJ/kg = 1430 K were obtained. Finally, fai'/J = 0.5
(zg=2.5), the parameters ar®* = 1.02) and J/kg =
s190C1200) K. Unfortunately, xo(T) calculations are not
available ford’/J< 0.5, so our fits could not be extended into
this parameter regime. Since Sr{f,; exhibits a spin-liquid
ground state as discussed in the Introduction, zhevalue
for J'/J=0.7 seems too large to be realistic. Thus, we ten-
tatively come to similar conclusions reached in Sec. Il, that
J'/3~0.5 andJ/kg~2000 K in SrCy05.

V. CONCLUDING REMARKS

The analysis in Sec. Il of(T) for SrCu,03,° in terms of
isolated ladders, suggests tlatJ=<0.5 in this two-leg spin-
dadder compound. The AF coupling along the legs of the
two-leg ladders is found to be very strorlgz 2000 K, simi-
lar to previous estimates for the linear chain compound

cantly different than predicted by the mean-field expressiorsr,Cu03.2°~* The inferredd’/J andJ values are consistent

(16). Therefore, Eq(16) was fitted to the higher-temperature

with the observed spin-gap and with the general discussion
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of x™in Sec. IlI; the results of this section and Sec. IV A of predictions for comparison with the data. Most impor-
may be generally useful in analyzing(T) data for other tantly, the accuracy of the parameters obtained from our
quasi-low-dimensional spin systems. From Sec. IV, themean-field-type fits in Sec. IV to the experimental data needs
above parameters appear to be supported even after inclusit;m be determined by accurate numerical calculations of the
of interladder coupling in the mean-field-type fits to the ex-influence of interladder exchange coupling qiiT) for
perimentaly(T) data. J'1I=1.

The inferred suppression ai’ with respect toJ in
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