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The magnetic correlations in the quadratic lattic&=5/2 Heisenberg antiferromagnet
Mn(HCOO),-2(ND,),CO (Ty=3.77 K) have been studied by means of specific heat and neutron-scattering
experiments. With a universal temperature scale, the temperature behavior of both the magnetic heat capacity
and spin correlations are quantitatively accounted for by the pure quantum self-consistent harmonic approxi-
mation by Cuccoliet al. for S=5/2.
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In recent years much interest has been focused on the e ¢ 27ps T \2
low-dimensional quantum Heisenberg antiferromagnets §=§2—6X T %1 2-5.70\3 , (2
TPs TPs TPs

(QHA's), such as one-dimensional systems and two- . o
dimensional highF, superconductors, in connection with Wherepsis the spin stiffness constant, dependenSandJ.

gap and gapless excitations. The Hamiltonian of such a sy$ecently, however, some theories and experiments have
tem can be written as pointed out that QN&M might well be applicable even for

the case o6=1/2.3%% But the number of experimental re-
ports is limited fors>1/2."7!
In this paper, we investigate the magnetic correla-
H:JUED S-S, 1) tions in the S=5/2 Heisenberg antiferromagnet
' Mn(HCOO),-2(ND,),CO (MF2U) with a simple quadratic
lattice, which has the low magnetic ordering temperature
where(ij) runs over all pairs of nearest-neighbor spins. Nu-Ty=3.77 K and the exchange constaifkg=0.68 K.
merous theoretical and computational approaches have be®e will show that both the magnetic heat capacity and the
applied to QHA'’s for a variety of one-dimensional systems.spin-correlation length of MF2U are better described by
The method utilizing a mapping of the low-energy spectrumthese developed theories rather than @NL
of Egq. (1) onto the quantum nonlinear sigma model The series of compounds! (HCOO),-2(NH,),CO (M
(QNLoM) has played a significant role in a sense that it=Mn, Fe, Co, Ni, Cd, Zn, and Mgwere studied by one of
considers crucial dependence of massiyap and massless the present author&. Yamagata from the crystallographi-
(gapless excitations on the spin-quantum numi&through  cal or magnetic structural point of vieW.Mn?* ions of the
the topological ternt. The application of QNiM to the  manganese compound, with its space grde#,2,2 (a
two-dimensional QHA system has been performed by=12.178 A, ¢=25.909 A), are coupled antiferromagneti-
Chakravarty, Halperin, and Nelsd@HN),? and the results cally via formate radicals, forming the simple quadratic mag-
compared with those for spin correlations in 8 1/2 high-  netic layers perpendicular to tleeaxis, which are separated
T, family systems such as b&uQ,.® The method has sub- from each other by the intervening urea molecules. The mag-
sequently been extended by Hasenfratz and Niedermayeetism of this layered compound quite resembles the two-
(HN).* As can be expected from the mapping procedure oflimensional Heisenberg-like behavior of the well-studied
the lattice Hamiltonian onto the continuous Hamiltonian, thisparent compound Mn(HCO®)2H,0, as can be anticipated
theory should be more applicable for a larger valu&adfhis ~ from their transition temperaturdg, (3.77+0.02 K for the
intuitive prediction has motivated some experiments andormer and 3.6%0.04 K for the latter cageand J/kg
theories thereafter. The theory of CHN-HN qualitatively ex- (0.68+0.04 K, and 0.76:0.04 K, respectively™*
plains the temperature dependence of the spin correlation In the present study, the magnetic heat capacity was mea-
length of real systems in the form sured by the heat pulse method for the nondeuterated urea
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FIG. 2. Temperature variation of the peak intensity at the mag-

netic Bragg positiori1,1,0 of MF2U. The solid curve presents a fit
to 1oc(Ty—T)??, with Ty=3.795 K andB=0.20:-0.02.

temperatures, as shown in Fig. 1. This scaling gi%s
=2.14, which is rather close t6=5/2, when we consider
the spin reduction of 0.19 given by the spin-wave theory for
a simple quadratic lattice. These results indicate that the
PQSCHA well reproduces the magnetic heat capacity data
with a reasonable reduced temperature scale, being consis-
tent with the HTSE.

For the neutron-scattering experiment, a single crystal of
the deuterated urea compound MF2U of the averaged size of
(0.7 cm) was prepared. The neutron-scattering experiments
were performed on the spectrometer ISSP-PONTA, installed

t at JRR-3M in the Tokai Establishment of JAERI. T{@®©2)

FIG. 1. Magnetic heat capacity of MF2U. The heat capacity ofreﬂeCt'on of pymet'(_: graphitgPG) was used a_s "fl mono-
the isostructural Gt compound is approximated with a dashed Chromator. A PG filter was employed to eliminate the
curve to see the lattice contribution. The results abbyeagree  higher-order reflections from the monochromator. The spec-
with the theoretical results of HTSERef. 15 for the S=5/2 two-  trometer was operated in the two-axis mode without an ana-
dimensional Heisenberg antiferromagnet with the exchange corlyzer. The incident neutron energl; was fixed atE;
stantJ/kg=0.68+0.04 K (Ref. 12. The results of PQSCHA for =14.8 meV. The crystal was set into &rangetype “He
S=1, 5/2 and the classical lim{Ref. 17 are indicated(b) shows  cryostat with its{110]- and[001]-directions in the scattering
the details of the broad specific heat maximum located at around plane. Prior to the experiments on the spin-correlation length
K [enclosed part irfa)]. of the deuterated single crystal of MF2U, we measured the

temperature dependence of the magnetic Bragg intehsity

MF2U. The lattice contribution to the heat capacity was sub 0" the reflection(1,1,0 aroundTy. By subtracting the tem-

tracted by the use of the isostructural?Cccompound. Fig- perature independent background, we could fit the data by a

: . ingle power law,) =A(Ty—T)%#, with Ty=3.795 K and
ure 1 shows the experimental results of the magnetic hea§=o.20to.02, as shown in Fig. 2. This value @f, is al-

capacity measurement of MF2U. AboVg the results agree . ; B
with the high-temperature series expansioHg SE)™> with g/ﬁérhde:ﬁg\?vlintgtpnz;[%r?gin?égiegsr%f é?ihgoggsgree{?etgdand
S=5/2 andJ/kg=0.68 K=0.04 K. The value ofl is con- ’ .
. . B : . a2 nondeuterated urea MF2U are essentially the same. The
sistent with those estimated for the magnetic susceptibility .
ol . value of B agrees with those of several other layered mag-
and from the exchange fiefd.A small peak is seen aly nets including Mn(HCOO)- 2H,0 (Ref. 18 and LaNiO,.®

b.es'des. the chargctensuc broad maximum of two- With this single crystal of MF2U, the two-dimensional
dimensional magnetic system as shown in Fig. 1. In the re;

cent theory of the pure quantum self-consistent harmoni(% Eglsicr)gjlﬁuc;\?vcfggtshiczr;i tgiaﬂ;uv?/tgrree f:fft;ﬁ%gée{;e in
approximation PQSCHA,'” both the magnetic heat capacity y : P ping

and the spin-correlation length are given versus the reducetJfl1e final neutron wave vector parallel to the 2D magnetic

o ~ . , ) ridge (1,1l) in order to integrate the 2D magnetic fluctua-
temperatureg=T/2JS", whereS is the effective spin length.

. o tions rorrectly for constant 2D wave vectqsy (0,p is the
When we introduce the reduced temperatir€l/2JS” and  momentum transfer from the 2D antiferromagnetic ridige

2J$=6.15, the PQSCHA result not only nicely reproducesthe energy range from-kgT to E; .8 Depending on the in-
the experimental results including the maximum value at 4ensity and the temperature, rangingy<T<8.52
K, but also overlaps smoothly with the HTSE results at highK(=2.5 Ty), two sets of collimator sequence for the spec-
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° ' © ergy spectrum, which is expected around=JS(S
3 +1)/1.1, giving 5.7 K in the present system. This value
— 8000 B .
3 corresponds to=t.=0.93, being relevant for the above ex-
€ 7500 | perimental behavior. Looking at other experimental results
fé 3 being referred to in this paper, we notice thfaseems to
3 i cross over to¢ for the higherS aroundt, of the individual
S 7000 | 4 - .
2 4 systemgas can be seen in Refs. 17 and.1Ror comparison
2 6500 . ‘ [ , , the PQSCHA predictions for oth& values are indicated in
04 06 08 h( 1| )1-2 1.4 16 Fig. 4. The experimental values f&=1/2 substances, such
r.l.u.

as LaCuQ,,® Sr,CuO,Cl,,°> and Cu(DCO0)-4D,0.° are
FIG. 3. Representative profiles of the two-axis scans along thé€POrted as falling aimost on trhe=1/2 theoretical curve.
direction (h,—h,0) for the two-dimensional plane of MF2U. The 1he results for LgNiO, (Ref. § and K:NiF, (Ref. 7) are
solid lines represent the Lorenzian scattering function convoluteditted to the theory foiS=1. We mention that the structure
with the instrumental resolution. factor of MF2U, orSolgz, also shows almost the same be-
havior as¢, both above and belot+= 0.8. When we take the
trometer, 15-20'-20' and 40-40'-40' were employed. temperature scald/J(S+1), as employed in the recent
Representative scattering profiles from the two-axis scans af€port on RbMnF,,** we have J§S+1)=5.95 with S

given in Fig. 3. The magnetic scattering intensltfo,p)  =9/2 and J/kg=0.68 K, i.e., a value comparable with
from the two-axis scans is fitted to the following simple 2J%=6.15 in the present scate= T/2J.
Lorentzian line shape, Another comprehensive expression for the thermal devel-
opment of spin correlations for a general valuesa$ given
I (Gp) = So/ (14 0pp2é?). (3) in the high-temperature series expansion theory by Elstner

. . ~_etal, in which S¢ vs T/JS plots only slightly depend on
We convoluted with the SpeCtrometer resolution function |n-S_1g Our experimenta| results seem to agree in this case as

cluding a slightly sloping background to dedugandS, for  well, except for higher temperatures whefalso indicates
eachT. the cross over, as shown in Fig. 4. Here we only mention the
In the quantitative description of the thermal developmentyalidity of &cyy.ny derived from QNLoM for the general
of £ or S, for a general value 08>**"**the choice of the value of S One would expect this theory to fit much better
temperature scales, such®gs, T/J, T/IJS(S+1) or T/S*,  for largerS It is a surprise that this theory gives rather better
becomes essential. Here we use the same reduced tempesgreement with the results for re@1/2 compounds than
ture t=T/2J% introduced above for the interpretation of for the systems witl6>1/2. The same tendency is found in
magnetic specific heat in the frame of PQSCHA. The result€omparison with other theories, e.g., the ratic¢@dvaluated
are summarized in Fig. 4. It is clear that our present data foby Elstneret al!® to &cpn.nw iS @about 0.8 forS=1/2, but it
MF2U are approaching th®=5/2 theoretical curve at lower becomes 0.25-0.6 f@=5/2 in the corresponding tempera-
temperature$<0.8. Fort>0.8, however, the experimental ture region.
results rather approach the curve for the classical limit. It is Now we comment on the anisotropy in MF2U. The mag-
pointed out theoreticalfy and experimentalf} that theS  netic susceptibilitiesy, for the perpendicular directionc(
=5/2 QHA should cross over from classical scaling to renor-axis) to the magnetic plane, ang, andy,, for the two axes in
malized classical behavior near the upper bound of spin erthe plane were measured by a superconducting quantum in-

024425-3



TAKEDA, MITO, NAKAJIMA, KAKURAI, AND YAMAGATA PHYSICAL REVIEW B 63 024425

terference device system in the temperature range 1.8—50 Kffective anisotropy axi¥> The above experiments on
The observed differences between them were within 1%MF2U, however, indicate that abovig, the system can be
aboveTy, and they were well reproduced by HTSRef.  regarded as being isotropic. Even if we take the anisotropy
15) for S=5/2, g=2.00, and)/kg=0.68+0.04 K!?giving field Hy=1.7 kOe tentatively, we havéd,/H.=1.7%,

a characteristic broad maximum around 6 K. Just in the viwhich might cause a spin crossover from the Heisenberg to a
cinity of Ty, x. exceededy, and y, by about 3%, and even lower symmetry only just aboveéy . . _

below Ty, they showed nearly the same decreasing behavior. | summary the magnetic correlations in the quad-
Moreover the magnetization for the three axes at 1.8 Katic lattice S=5/2  Heisenberg  antiferromagnet
showed the same linear increase up to 5 Keit of the ~ MN(HCOO),-2(ND,),CO (Ty=3.77 K) have been studied

present apparatusOnly a minute deviation from the linear- Py means of specific heat and neutron-scattering experi-
ity was seen aH=H,=1.7 kOe, if any. This linearity is Ments. With the use of the common reduced temperature

shown to continue up to the exchange field bf, scale, both the magnetic heat capacity and the thermal devel-

—106 kOe!® These facts imply that the magnetic easy angoPment of the spin correlations are well described by the
hard axes are not easily identified for a bulk single crystal ofh€ory of PQSCHA forS=5/2, without any indication of
MF2U. Considering the existence of a dcrew axis along @PProaching the results predicted by QNU. This is an
the ¢ axis, we might expect some long period spin structure®XPerimental work, where the magnetic correlations reflected
along the perpendicular direction to the magnetic plane beln the heat capacity and neutron-scattering experiments are
low Ty. Our neutron-scattering experiment, however diguantitatively interpreted within the same theoretical frame
not show any sign of satellite peak. The determination of theéVorK.

spin structure beloW y and theT-H phase diagram has been  \ve thank M. Hitaka for her kind help in the analysis of
studied experimentalfy and theoretically? In the case of the experimental results. This work was supported in part by
Rb,MnF,, the isotropic limit of the Heisenberg spin symme- a Grant-in-Aid for Scientific Research from the Ministry of
try can be obtained by applying the external field along theEducation, Science, Sports and Culture, Japan.
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