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Ferromagnetic Moment and Spin Rotation Transitions in Tetragonal
Antiferromagnetic Sr; Cuz04Cl

Abstract

SrpCu304Cly is a variant of the lamellar copper oxides, containing an extra Cu?* ion in the center of every
second plaquette of the square CuO;, lattice. The two types of Cu form interpenetrating Heisenberg
antiferromagnets, which order at 380 and 40 K. Magnetization measurements yield a small spontaneous
ferromagnetic moment below 380 K and two spin rotation transitions. The results are explained in detail by a
pseudodipolar coupling between the two Cu lattices. A quantitative analysis of the data yields several
previously unknown microscopic coupling constants, relevant to other lamellar, chain, and ladder copper
oxides.
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Ferromagnetic Moment and Spin Rotation Transitions
in Tetragonal Antiferromagnetic SrCu3z04Cl;

F.C. Chou, Amnon Aharony!? R. J. Birgenead,0. Entin-Wohlmar?, M. Greven! A. B. Harris}
M.A. Kastner! Y.J. Kim,! D.S. Kleinberd' Y. S. Lee! and Q. Zhd
ICenter of Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
2School of Physics and Astronomy, Raymond and Beverly Sackler Faculty of Exact Sciences,
Tel Aviv University, Tel Aviv 69978, Israel
3Department of Physics, University of Pennsylvania, Philadelphia, Pennsylvania 19104

“Physics Department, Brookhaven National Laboratory, Upton, New York 11973
(Received 3 October 1996

SrLCw04Cl, is a variant of the lamellar copper oxides, containing an extra Gen in the center
of every second plaquette of the square gu@itice. The two types of Cu form interpenetrating
Heisenberg antiferromagnets, which order at 380 and 40 K. Magnetization measurements yield a small
spontaneous ferromagnetic moment below 380 K and two spin rotation transitions. The results are
explained in detail by a pseudodipolar coupling between the two Cu lattices. A quantitative analysis of
the data yields several previously unknown microscopic coupling constants, relevant to other lamellar,
chain, and ladder copper oxides.  [S0031-9007(96)02201-6]

PACS numbers: 75.10.Jm, 75.25.+z, 75.30.Cr, 75.50.Ee

The magnetism of lamellar copper oxides has receivetNN (NNN) Cu-Cu pairs in the spin chains which arise,
much attention, because they both become high tempera-g., in St4Cw404; [9]. Our Cul-O-Cull geometry is
ture superconductors when doped, and are also nearly ideglso the same as the interladder one G404 and
quantum antiferromagnets [1]. Therefore, these material® many ladder cuprates, like ,Sr,Cu,+,0,, [10]. Thus,
provide excellent testing grounds for theories of quantum
magnetism. The fundamental building block of materi-
als like LaCuQ is the planar Cu®@layer consisting of a
square lattice with Cu ions on the corners and O ions on
the edges. The Cti ions represent & = 1/2 square lat-
tice quantum Heisenberg antiferromagnet (SLQHA), with
a nearest neighbor (NN) leading isotropic O-mediated su-
perexchange energy = 130 meV. These materials have
nonzero Néel temperatures due to small interplanar cou-
pling and spin anisotropies [1-3].

Recently, attention has focused on “234” variants of the
cuprates, SICu04Cl, and BaCw;O4Cl, [4—6]. These
materials have an additional Cu ion (denoted byi{at
the center of every second plaquette of the gl#dtice
(made of Cu’s), creating two interpenetrating square lat-
tices of Cuions (see Fig. 1) [7]. Similarly to other lamellar
cuprates, neutron scattering experiments find &utifer-
romagnetic (AFM) order belowWy; = 380 K. In addi-
tion, the Cui’s exhibit AFM order belowTy 11 = 40 K
[4,6,8]. The detailed nature of the @uCull and the Cu-

Cull interactions has not yet been identified. Concerning
the former, we provide evidence that, like the IG, the

Cull’s represent a SLQHA. The GtCull interactions are b
expected to be quite delicate; since eachi@usurrounded ®)
by four Cur’s, an isotropic Heisenberg interaction would FIG. 1. Structure of SCwO,Cl, and of the CwO, layer,
yield frustration, due to a vanishing mean field at theiCu including spin configurations for (&) || (110), (b) H || (100)
sites. The present Letter presents information on both th@"d #ei < H < He, and (OH |l (100) and He, < H. The

. . . . . igure shows only the part oM;; induced by the internal
isotropic and the crucial anisotropic terms, as well as on . : P .

pseudodipolar field—4J,I'M;. A nonzero H induces an
quantum fourfold terms.

. additional small canting of the Gumoments in cases (a) and
The Cu-O-Cun and Cui-O-O-Cui geometry in 234 (c), and a large component of;; alongH in case (c) (not
is, respectively, the same as that for the NN and nexshown).
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our measured coupling constants in 234 represent estimate7 = 0.03 and Ty ; = (382 = 2) K. B agrees within

for their hitherto unmeasured counterparts in many chainhe errors with those found for the staggered momﬁt
ladder, and planar cuprates. of the Cul spins [6,8] and fons in SL,CuQ,Cl, [1] and

Perhaps the most peculiar feature of 234 is a Sma'll_aZCuO4 [14]. The proportionalityMs ~ Mfr indicates

i ~ 1073 . . . .
s%(_)nrt]aneous ferromagnetlch(FMb) mome‘@gt,) (110 . f“é*’ that the Cui spins see an effective uniform field propor-
which appears aly,;. Ms has been aftribute [4-6] to tional to MIT. Such a field would arise from a bilinear
the Dzyaloshlnsky—Mon_ya (DM) antisymmetric exchang_e.cou ling betweenMs and M/, but this is rather unusual
Although this mechanism is effective in orthorhomblcfor t%trzfgonal systefns I

La,CuQy [11], symmetry forbids it in the perfectly tetrago- , (110) - _

nal structureof 234: the DM interactions from individual F|9ru;e 2 zil_so SEOWSX 'fdf).th Ind_prlnmplei_ X

bonds sum up to zero. Thus, the origin g has been X! XLL T Xa  xvv, WIN the diamagnetic core
X , the ong susceptibility y; ~ —3.3 X 1077 cm®/g [15], the small

a mystery. Here we show that in tetragonal SYmmetry, | b ion of the Cu's Jy1L ~ 4 X 10-7 cm/g (see

Mg mustresult from anisotropic pseudodipolar CGull elow), and the Van V'Ieck’isusce tibilityyy (~0.5 X

interactions. Similar interactions have been predicte 07 cr'n3/g for LaCuQy [16]) ngeverV\;‘ortuitbusly

between NN planes in SLuQ,Cl or Ng,CuQ, [12], but the last 3 terms add up to zero within the errors, and we

have not yet been measured. We report measurementslg')ﬁ/ex ~ yi1. The solid heavy curve in Fig. 2 repre-

the field dependence of the magnetization of850,Ch, g0 ni¢"resylts foy;, from Monte Carlo simulations of the

M(H), for different directions of the fieltl, which exhibit S = 1/2 SLQHA [17], with the single isotropic exchange

a rich behavior [including two spin rotation transitions for parameted;, = (10 + 1) meV [18]. The detailed quan-

H || (100)], providing detailed quantitative evidence for yia4ive agreement of the simulations with the measured

this theoretical description. .
. L x1u shows that the Cu system is a new example of a
W(_eblhave focusled on _&:1304C|2, Iforb Wh'ICh it ISI' S = 1/2 SLQHA. The neutron results confirm this in de-
possible to grow large single crystals by slow cooling;i 4nq take advantage of the smaljy to measure the

from a melt containing CuO' as flux. .Small crystals, fiyo spin wave spectra of a SLQHA [8]. The actual order-
~6 mm X 7 mm X 0.5 mm, with thec axis (hormal to .

. ng at Ty 11 results mainly from an effective Ising aniso-
the Cu0O, layer) perpendlcglar to the large f"."ce are use(iropy, caused by the presence of the FM moment on.Cu
for measurements d () W'th.a quantum design SQUID Indeed, the neutron experiments forI below 40 K
magnetometer af < 5:5 T. High-resolution synchrotron are well fitted with the two dimensional Ising exponent
x-ray powder diffraction measurements show that theﬁ — 1/8[8]. The cusp iny at 40 K is also typical of an
crystal remains tetragonal (space grolgy/mmm) for - o ) e
temperatures5 < T < 550 K, with lattice contants: = QfF)l;/lvf/)i;ﬂe;mg, giving more support for our identification

= 11
fﬁfli) véearmrg; ne:i%:.iz r’gr;(:ertrT ;esgeK'" (iLT:)effects of WhenH is not along (110),y becomesH dependent,
our measugre(M(Hgl beconi/es sim gllegt fd;I Il (110): andM becomes smaller than its value along (110), imply-
o e P +ing competing interactions. We thus identify (110) as the
the susceptibilityy = dM /dH is independent off for all easy axis For largeH, the staggered moment of the Cai
H > 0.1 T, and the data in this range are fittedMyH) = '

(110) (110) becomes perpendicular td, gaining from the larger per-
Ms “(T) + x " P(T)H. ForH < 0.1 T, the system ex- pengicular susceptibility; .. Therefore,y approaches
hibits interesting domain effects [13]. The spontaneouspe samelimit 119 for all the directions oH. To em-

110 . . . . .
momentms '”(T) is plotted in Fig. 2. The full line in that phasize the deviations from these parallel asymptotes,

figure represents a fit ne@y ; to (Ty; — T)?, with 8 = we plot m(H, &) = (M — X(110)H)/M§110>’ when H =
H(cosa,sina,0) (Fig. 3). AtT =200 Kanda =0, y
3 ' ' ' ' ' ' ' 16 becomest independent between two critical fields,; =
114 0.3 TandH,., = 1.7 T, indicated by arrows in Fig. 3, im-
= 12 _  plying thatM(H) = M + y"H, with y* < »119 and
m; 2t {10~ M < M_(gno). x does vary withH outside of this inter-
o ° mediate region, with discontinuitiesdt, andH.,. Aswe
g 18 o show below, the variation of with H reflects a rotation of
T 1! 6 g M;r between the structures shown in Figs. 1(a)—1(c). We
% 4 observe no such sharp transitionsratt 0, or at lowerT.
Moo T Y 2 We now introduce our theoretical model. Since we ig-
sT N nore the Cul-Cull interactions [13], the following results
O 700 30 300 %ok apply only forTy; < T < Ty;. Consider a CuCull
T(K) bond alongt = (100) (Fig. 1). Since there exist two mir-

FIG. 2. Saturated EM momeM;um and susceptibilityy 119, ror planes which c;ontain this bond, one _pgrpendic:ular to
The full lines represent?s ~ (Ty; — T)? and a simulation of the tetragonak axis and the other containing that axis,
xu for theS = 1/2 SLQHA (see text). the most general form allowed for the symmetriciGTull
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T T T T T mentally at lowH. An additional fourfold anisotropy en-
1.0 [aassaaasasassasasasassssassssnssanssssnsy ergy, of the form#, = K cos46, with K > 0, which also
_ S =n/4 (200K) | prefers ordering along (110), has been shown to arise for
g 0.8 ' the Cu’s in other cuprates, due to quantum fluctuations
<’ £ SoouSs [12]. (It does not arise as a single ion term = 1/2.)
5:\* 0.6 a=n/8 (100K) _ In_deed, our quantitative fits to Fhe da_lta require addfg
g with K close to the value predicted in Ref. [12].
e The anisotropic interactions in Eq. (1) could result from
= 0.4 the usual dipole-dipole interactions. For the NN bonds,
g this vyields JI = —2J+ = —2(gup)/r® = —20 ueV,
L 02 where r = a/2 is the Cu-Cun bond length, so that
£ Joa < 0. However, similar anisotropic terms may also
0.0 arise from direct or superexchange interactions involving

spin-orbit and Coulomb exchange interactions, and these
sometimes yield/,q > 0, implying a flipping of My; in
FIG. 3. Theoretical (full lines) and measured values ofFig' 1[12]. Therefore, we Ca”. theSt_e terms pseudodipo_lar.
m(H, a). A measurement of the relative directions of the spins
would identify the sign of/ 4.

Adding H, Eq. (2) becomesH = —2H - M| — Hy; -
i M, with Hy; = H — 47,,M; — 4J,4I'M{. (The fac-
Hion = JIsisy + JESESE + JSiSH, (1) tor 2is the number of Cus per planar unit cell, which con-

where|| and L denote parallel and perpendicular to thet&ins one Cu.) Assuming alinear response of the s,

interaction must be of the form

Cul-Cuil bond [12]. Denoting the 4 Os adjacent to a €M = xiiHii, one finds a meanzfield energy per unit
Cuil by 1, 2, 3, and 4 for the, §, —%, and—$ directions, ~Cell E = Eo(/) = 2H - My — yui(Hp)*/2 + Hj, where
and restricting all the spins to théY plane (as found £o(/) contains the unperturbed energy of theiSu For
experimentally), the sum over these four bonds yields T < Ty, itis sufficient to use a low temﬁ)erature approxi-
Ho = aMy - UMy 4+ Jog M) @) magrion, in which Eq(I) = 4J0[M$ - (M¥)2], (M1)2_+
av P > (M1)? = (S1)? = §2, andM; LM, implying that (with-
where 2J,, = (JI + 1Y), 27,0 = U1 = J%), My = out quantum correctionsy;  (T) = x1,.(0) = 1/(8Jo)
S11, while M; = Z‘I‘zl S1i/4 and M;f = (Sp; — S + and yi = 0. Neglecting Jgd,deH in comparison
S13 — S14)/4 represent the FM and AFM Gumo- with J2, and minimizing with respect toM; gives
ments [18]. Here[ = o, is the2 x 2 Pauli matrix;  E(6) = —[xu + 2¥ sin(6 — a)]H?/2 + MoH[cod6 +
f'(x,y) = (x,—y). In addition to the isotropic average @) + ysin20sin(6 — «)] — ksirn’ 26 + const, where
Jav, Jpa TEpresents aranisotropic “pseudodipolar” net X = (1 —T2JavX11)2/[8(Jo — xuJi)] = x1..(0), My =
interaction, which yields a bilinear coupling betwe®t HpaxMr, y = —4Jo X /(1 = 2Jayx1r), andk = 2K +
andMy;. As soon asM| orders, it generates a net field (Moy/2) éX' Having solved 6E/9¢ = 0 for ¢, the
—4de1A“M}L on the Cul in the center of each plaquette. measured moment is
Since the Cu’s occupy only every second plaquette, they M = — 9E/dH = [y + 2y sit(0 — a)]H
are all surrounded by exactly the same configuration of ; ;
Cul moments (both ir)1/ each p){ane and in adjac%nt planes) Molcogd + @) + ysin20sin(@ = o)l (3)
[8]. Therefore they all see theamelocal field and have ~ Equation (3) reproduces all of our experimental results.
the same FM moment [Figs. 1(a)—1(c)] [19]. For « = 7 /4, the minimum occurs at) = 7 /4 +
If M;f = M;r(cose’sing), the second term in Eq. (2) is sgn(Jpa)7/2, leading to the structure shown in Fig. 1(a)
minimized whenMy; || M| = M/ (cos6, — sing), and  and tox"'% = (y1; + 2%) and M0 = 1Mol (1 + y).
the energy of this term is the same for@ll In particular, ~For very large H, the minimum obeysf — a =
the case® = — /4,0 and — /2, shown in Figs. 1(a)— sgn(Jpq)m/2 — Mé”o) cos2a/2xH, and henceM =
l(_c)., respecti\_/ely, have the same energy, which is thg‘,(UO)H + Mé”o)sinza + O(1/H), consistent with the
minimum of this term fot/,,q < 0. However, oncéM;; # arallel asymptotes in Fig. 3. In this |imM;r LH

0 (due to the second term), the first term generates R For a = 0, the equationVE/d6 = 0 exhibits special
small FJ'rVI momentM; || Mir. Sincexi. > xuy (land  popavior sim = 0 is alwaysan extremum. When the
L to My), such a moment is easier to generate in the congyadratic equatior2yH? — |Mo| (1 — 4y)H + 8k = 0
figuration of Fig. 1(a), when the Quspins can cant so that p55 two real and positive solutiod.  », then sing = 0
M; L M/, than in that of Fig. 1(b), which would require is the only solution forH., < H < H.,. This gives
M; || Mf This yields a fourfold symmetry, which prefers the structure of Fig. 1(b), and the straight(H) with
ordering of My; along (110), as indeed observed experi-y® = yi; and M?® = |My|. For other values off, the
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minimum has a nonzerdcose|, which starts at/2/2  gap observed there [9]. The sign.gf should determine
for H = 0 [yielding the structure in Fig. 1(a)], increases if the chain spins prefer ordering parallel or perpendicular
towards 1 atH = H.;, where it remains up tdH.,, to the chains.

corresponding to Fig. 1(b), and decreases towards O [i.e., We acknowledge discussions with P.A. Lee, G. Shi-
Fig. 1(c)] asH increases towards above H.,. This rane, and J. Stein. This work has been supported pri-
reproduces our data at 200 K, and relates them to spimarily by the MRSEC Program of the National Science
rotations between Figs. 1(a)—1(c). For all# 0, and Foundation under Award No. DMR 94-00334 at MIT, the
also when the solution&.;, do not exist (as happens at U.S.-Israel Binational Science Foundation (at Tel Aviv,
lower T'), the solution si® = 0 never applies, the sharp MIT, and Penn), the Israel Academy (at Tel Aviv) and
transitions disappear, and there is only one continuouslSF Grant No. DMR-95-20175 (at Penn).

solution foré.

Having extractedM_(g“O) and y"9 from the data for
a = /4 (results given in Fig. 2), we next plet(H, «)
for othera’s. The functionm depends only ony/Mé“O),
y, andk/y. All of our data for70 = T = 120 K are
consistent with Eq. (3), with theemperature indepen-

s —6 —
dentparametersy (022 = 0.01) X 10 Cm3/g,y [2] B. Keimer, A. Aharony, A. Auerbach, R.J. Birgeneau,

- -7 i
.0‘03. + 002, andK = (10 = 3) X 107" meV (full lines A. Cassanho, Y. Endoh, R.W. Erwin, M. A. Kastner, and
in Fig. 3). The error bars represent ranges of acceptable 5 gpirane Phys. Rev. B5, 7430 (1992).

fits. The agreement with the data is excellentH, ) [3] B. Keimer, N. Belk, R.J. Birgeneau, A. Cassanho, C.Y.

[1] M. Greven, R.J. Birgeneau, Y. Endoh, M.A. Kastner,
M. Matsuda, and G. Shirane, Z. Phys9B, 465 (1995).

turns out to be sensitive ta near 0, and our “(100)” Chen, M. Greven, M. A. Kastner, A. Aharony, Y. Endoh,
data are fit best witle = 0.2°-0.4°, which is within the R.W. Erwin, and G. Shirane, Phys. Rev. 45, 14034
alignment error. Fromny andy we extract/,, = —(12 = (1992).

9) meV. Using the quantum renormalizatiog; ; = [4] S. Noro, T. Kouchi, H. Harada, T. Yamadaya, M. Ta-
0.53/8Jy [17], ¥ gives Jy = (130 * 40) meV, roughly dokoro, and H. Suzuki, Mater. Sci. Eng.25, 167 (1994).

the same as in other cupratex is in rough agreement [5] H. Ohta, M. Sumikawa, M. Motokawa, S. Noro, and

with the predictions of Ref. [12]. It has been too smallto _ T- Yamadaya, J. Phys. Soc. J4, 1759 (1995).

. . . [6] K. Yamada, N. Suzuki, and J. Akimitsu, Physica (Amster-
be measured directly in other cuprates. Usmé =03 dam) 21382148, 191 (1995).

[17], we finally find [J,a| = (27 * 1) ueV, which is of [7] B. Grande and H. Milller-Buschbaum, Z. Naturforsch.
the same order as the dipolgyy =~ —20 weV. Our mea- 31B, 405 (1976).

sured isotropic interactiod,, is much larger and FM,  [8] M. Grevenet al. (unpublished).

probably indicating superexchange and direct exchange[9] M. Matsuda and K. Katsumata, Phys. Rev.58 12201
The graph for 200 K has somewhat different parame-  (1996).

ters: ¥ = (0.165 + 0.006) X 107% cm’/g, y = 0.008 =  [10] E. Dagotto and T. M. Rice, Scien@¥1, 618 (1996).

0.004, andK = (5 = 1) X 107 meV. AthigherT, y1.. [11] T. Thio, T.R. Thurston, N. W. Preyer, P.J. Picone, M. A.
should be replaced by; , — xi, @ quantity whose de- Kastner, H.P. Jenssen, D.R. Gabbe, C.Y. Chen, R.J.
crease to zero ag increases towardgy; explains the Birgeneau, and A. Aharony, Phys. Rev.3B, 905 (1988).
observed decrease jn TheT dependence of andK is [12] T. Yildirim, A.B. Harris, A. Aharony, and O. Entin-

. Wohlman, Phys. Rev. B2, 10239 (1995).
not yet understood. Unlike the parameters used at7lpw 3] F.C. Chouet al. (unpublished).

the parameters at 200 K yield spin rotation transitions an 4] T. Thio and A. Aharony, Phys. Rev. Left3, 894 (1994).

reproduc'e. the experir_ngntally opse.r\légil gndch. [15] P. Selwood,Magnetochemistryfinterscience, New York,
In addition to providing convincing evidence that the 1956), p. 78.

pseudodipolar interaction is the source of the ferromagpie] D.C. Johnston, Phys. Rev. Le62, 957 (1989).
netism in 234, our experiments yield quantitative mea{17] M. Makivic and H.-Q. Ding, Phys. Rev. Bi3, 3562

surements of the previously unknown paramef€rs/y, (1991); M. Greven, Ph.D. thesis, M.L.T., 1995.

Jav, @andJpq. Results belowly 1 also confirm our theory [18] In the theory we use dimensionless momersts\/,
[13]. It would be interesting to compare our values/gf and measure the varioug’s, H, and 1/y in ergs.
andJ,q with the Cu-Cu interladder coupling4 has been To translate into the experimental units of efguand

predicted to be FM there [10], but is thought to be AFM C”i/g' m(;JItipIy_A/ISOgy g}f]‘B/_’"bé%izl%‘fz‘fmwg'dWhEre
for the NN interaction in the chain system [9]). Since the fg; )27’2 T e x %,{; ergent /g u§h§2 525
. .. . - B uc — . . = 4.
isotropic mte_rladder coupling is also frustrated,'we expect modify some of the parameters slightly.

it to be dominated by ou/,q. It would also be interest- [19]

. 9] In fact, a lowT state with finiteM; || My; L M! would
ing to understand the relevance.kf to the NNN Cu-Cu be generated by., alone even \;vr|1|enll; — 0 How-
av P .

coupling in other lamellar cuprates and to study the con-  eyer, this requires2, yr; > Jo, which is not obeyed here.

sequences of our values &f,, Jpq, andJy; for the NN [E. F. Shender, Sov. Phys. JEBB, 178 (1982); J. Stein,
and NNN interactions in the chains. Our results imply a A. Aharony, O. Entin-Wohlman, and A. B. Harris (unpub-
large NNN/NN ratio which could explain the mysterious lished)].
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