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A detailed study of the temperature and field dependence of the dc magnetization near the 
antiferromagnetic (AF) transition in GdZCu04 shows the presence of field-induced weak 
ferromagnetism (WF) well above the Neel temperature TY ac susceptibility measurements 
indicate T,=266( 3) and 282(3) K, for single crystals and ceramic samples, respectively. The 
shift of the electron-spin-resonance line of the Gd3+ ions as a function of temperature T, 
SH,( T), is compared with the static internal field Hi( T), whic.h describes the coupling between 
the paramagnetic Gd lattice and the WF component of the Cu moments. Both SW,(T) and 
Hj( T) show that the WF persists UP to z 50 K above TM The initial susceptibility (for H -=z 100 
G) presents a contribution in excess of the paramagnetism of Gd ions. For T>TN, it decays as 
K( T- Tbr)-‘, with K=0.20( 3) emu K mol. The relationship between this result and the strong 
two-dimensional AF correlations in these cuprates is discussed. 

The R7CuOr cuprates of heavy rare earths (R 
=Gd,Tb,...-,Tm)‘present weak ferromagnetism (WF) be- 
low the antiferromagnetic NCel temperature T, due to a 
small canting of the Cu sublattice caused by 
Dzyaloshinkii-Moriya (DM) interactions.re3 Different ex- 
perimental features characterize4 the complex magnetic be- 
havior of these materials around TN: a nonzero spontane- 
ous magnetization ‘%fJ T) linearly extrapolated from the 
high-field magnetization, a sharp peak of the dc and ac 
low-field susceptibilities, a shift of the electron-spin- 
resonance (ESR) spectrum of the Gd ions SH,( T), and 
the presence of a low-field microwave absorption. As was 
pointed out in Ref. 5, the onset of both M, and SHr occurs 
for Cd&XI4 and Gd,-,Ce,CuO, at a temperature well 
above the T, determined from the peak of the low-field 
magnetization. An observation of WF above T, has also 
been recently reported6 for Y2CuOk We present here a 
detailed study of the WF transition in Gd$uO, through 
ac susceptibility, dc magnetization, and ESR measure- 
ments, analyzing the effects of magnetic coupling between 
the R ions and the Cu lattice. 

Single crystals were grown in Pt cruc.ibles using a flux 
technique.’ All samples had the Nd,Cu04-type7 crystal 
structure, usually identified as T’. Typical crystals were 
thin platelets (2 x 2 x 0.1 mm3) oriented perpendicular to 
the c axis. Ceramic samples prepared from pressed pellets 
of the corresponding oxides were also measured when 
larger samples were needed. dc magnetization measure- 
ments were performed using either a vibrating sample mag- 
netometer, a Quantum Design superconducting quantum 
interference device (Squid) magnetometer, or a homemade 

Faraday balance magnetometer. ac susceptibility measure- 
ments were carried out in a Lake Shore susceptometer and 
electron paramagnetic resonance in an ESP 300 Bruker 
spectrometer for the X band (9 GHz) and a modified 
Varian V45OO for the e band (35 GHz). 

The ac susceptibility xac(T), measured with an exci- 
tation field of 1 G, presents a sharp maximum at 266( 3 ) 
and 282(3) K for the single-crystal and ceramic samples, 
respectively.8 The temperature of the peak is frequency 
independent in the measured range (10-1000 Hz) and 
agrees with that of the low-field dc susceptibility.’ We de- 
fine T;v as the temperature of this peak. 

Well above TK (T > 330 K), the dc magnetization 
Mdc(T) presents a paramagnetic behavior with a Curie- 
Weiss constant determined essentially by the Gd3+ mo- 
ments in the 8S7,2 g round state.’ At lower temperatures, 
the high-field differential susceptibility, ;ydiff-aMdc( T)/ 
WH-+* still follows a Curi+Weiss law but Me,(H,T) 
extrapolates to a finite value &fJ T), associated with the 
WF of the system.1’3 Iw,( T), determined by a linear ex- 
trapolation from the measurement of M,,.( T) in the range 
between 1 and 12.5 kG, starts to develop at about 310 and 
330 K for the single crystal and ceramic samples, respec- 
tively.‘v5 A comparison with the temperature dependence 
of the low-field measurements determines a temperature 
range ( Tni,Tx+ 50 K), where the WF is strongly depen- 
dent on the applied magnetic field. We have examined in 
detail the field and temperature dependence of Mdc( T) in 
this temperature interval. 

The high-field dc magnetization (H> 1000 G) may be 
described by a linear dependence, IU&& T) = M,[ T) 
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FIG 1. (a) Static intermal field W,(r) and (b) shit of the Gd3+ ESR 
line ZiArJT) measured at 9.3 GHz for a Gd2Cu04 single crystal. The 
arrow coorrrsponds to the N&l temperature determined from the ,yac( T) 
peak. 

+~~(T)H. Here -Us(T) has two contributions,’ M,J T) 
==Mo-( T) +x~~(T)H~( T), arising, respectively, from the 
canting of the ordered Cu moments and the polarization of 
the paramagnetic Gd ions through an internal magnetic 
field. As determined in Ref. 9, Hi(T) =X’M,( T), with 
A’=-1.8(5)~10’ GCu atom/iiB. We present in Fig. 
1 (a) values determined for Hj( T) in a single crystal from 
data taken with applied fields larger than 1 kG. In the 
low-field limit, IZI,,(H,T) is linear in a above T, with a 
slope that increases strongly as TN is approached, as 
shown in Fig. 2. Below TN a smsll remanent magnetization 
develops. We have measured the initial susceptibility 
>$T) =dMd,(HJ)/dHI ~-+e in a 144 mg ceramic sample, 
which shows a peak in the ac susceptibility at TN= 282 (3) 
K. For applied fields up to 100 G we found a linear behav- 
ior for T > T&v. In Fig. 3 we compare xi(T) with the free- 
ion susceptibility of the Gd”+ moments xGd( T). The ex- 
cess susceptibility hi(T) -,y~~( T)], tends to diverge near 
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FIG. 2. Magnetic-field dependence of [-Mdi( H, T) - 2,y~d( i7)Bj mea- 
sured for a Gd2Cu0, ceramic sample. 
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FIG. 3. Initial susceptibility xj( T) =dM,( T)/dH] Ii-0, measured for a 
Gd,Cu04 ceramic sample with applied fields up to 100 G. A correspond 
to ac susceptibility measurements. The dashed line is the paramagnetic 
contribution (.yr,+2xod), and the solid line represents the fitting includ- 
ing the K/‘( T- r,) term. 

TN and may be described by a K( T- TN) -I law, with 
K=0.20(2) emu K/mol. 

As we approach TN, the field for resonance H, of the 
Gd3+ ESR spectrum shifts” from its high-temperature 
value, which corresponds to the free-ion gyromagnetic fac- 
tor, g= 1.99. The onset of this shift has been observed” at 
temperatures higher than T,. Since our ESR experiments 
require the use of magnetic fields larger than 1 kG (H, 
=3.3 kG for the X band and H,= 13.2 kG for the Q band, 
when g= 2)) significant amounts of field-induced WF are 
expected to be present in these experiments, which results 
in the observation of the ESR shift 6H,.( T) up to. temper- 
atures much higher than TN. Our measurements indicate 
that SH,( T) presents a similar temperature dependence 
for X and Q bands. In Fig. 1 we compare the results for the 
X band with the internal field Hi(T), determined from 
Mdc( T) measurements for 1 kG <El< 12.5 kG. The dif- 
ference in magnitude (a factor ~2) has been associated’c 
with the dynamic coupling between the Gd and Cu mo- 
ments. 

The tield-induced WF above T, may be analyzed in 
terms of a free energy for the coupled system, 

F=(F) II]‘+(&) lm12+P-Wm) 

+(~)lV+(~)l%al~ 

+A’Moc, *m-(m+M& *H, (1) 
where m= (M,+M,)/2 and l= (MI-M,)/2 are the uni- 
form and staggered magnetizations of the Cu lattice, re- 
spectively. MI and M2 are the two antiferromagnetic sub- 
lattices of the Cu system. The third term, p- (lxm), 
represents the antisymmetric exchange interaction within 
the Cu planes. The Gd sublattice is coupled to the uniform 
Cu magnetization through the term h’lllo, * m. For A’ ===0 
this corresponds to the two-sublattice description of a 
canted antiferromagnet.r’ When HI fi, m is parallel to H 
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and represents a WF component. In this case p, I, and H 
are mutually perpendicular. We may define then a refer- 
ence frame such that m=mx^, 1= 19, and p=@. The equi- 
librium conditions are given by 

a.7 -= am, 
as 

-= 
aMGd,x 

(2) 

jj--=A(T)Z+C13+?m=0. 
x 

We may solve this set of nonlinear equations in the 
vicinity of the magnetic transition by taking into account 
that 1 m I, 111, and I Mod 1 are all small quantities and thus 
making a series expansion in powers of the applied field H. 
The Neel temperature TN is determined by the zero of the 
determinant of the linearized equations, 

A( TN) =A ( TN> ( 1 -2/2’2xoxod) -@x0=0, (3) 

where we may write, as usual, A(T) zv(T-TX) for 
T=: T,. For T > TN, the resulting total magnetization is 
given by 

X CT- TN)IH. (4) 
The first two terms correspond to the susceptibility of the 
uncoupled Cu and Gd lattices, respectively. The third term 
describes their magnetic coupling, and is expected to con- 
tribute less than 3% of Xod( TN). The last term gives a 
field-induced weak ferromagnetic component arising from 
t.he DM interaction. Notice that this last term varies as 
K( T - TN) -I, in the same way as the excess contribution 
measured for &fd,( T) . This kind of contribution was orig- 
inally reported by Borovick-Romanov and Ozhogin” for 
MnCOs and also found6 recently for Y,CuO,. 

In the case of Y2Cu04, only the Cu lattice contributes 
to the WF and K=~~~/y=O.O55(6) emu K/moI. The 
main difference in Gd2Cu04 is the enhancement factor 
[1-2A’xod( Tnr)]‘d, that appears due to the coupling to 
the paramagnetic lattice. The factor [1-2d’“xexod( TN)] 
is very close to unity for T 2 T,. Values for fix0 may be 
derived” from the low-temperature value Ma(O) 
=&&, where Mo~0.4p B/Cu atom is the Cu magnetic 
moment in the antiferromagnetic lattice. In the case of 

Y,Cu04, a value of pxo=0.025 (4) has been reported.6 For 
Gd2Cu04, we estimate &yo=0.009(4) from the Cu mag- 
netizationg M,,(O) =(3.5& 1.5) X 10e3 pls/C!u atom. 
However, the smaller WF in Gd,CuO, is enhanced in the 
expression for K by the Gd-Cu coupling. Using these val- 
ues we have estimated .v- i (Gd&uO,) z 350 emu K/mol, 
although with a large uncertainty due to the experimental 
error in the determination of Mc,. 

This value for Y- ’ is of the same order of magnitude as 
that found6 for Y&uO, (Y-I z 100 emu K/mol). As men- 
tioned in Refs. 6 and 11, Y- ’ is related to the staggered 
susceptibility of the system, which in a mean-field approx- 
imation would be given by Y-I = C,, where C, is the Curie 
constant of the antiferromagnetic species. If the values for 
Y-’ were analyzed in such a way, they would correspond 
to large effective moments ( 3s50~ B). This large st.aggered 
susceptibility may be related to the strong 2D magnetic 
correlations present in the CuO, planes near T, as was 
discussed in Ref. 12 for La$uO+ This large staggered 
magnetization would also be responsible for the saturation 
of the WF component above TN for moderate magnetic 
fields, as shown in Fig. 2. 
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