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In-plane magnetization anisotropy in Gd,CuQy single crystals
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We present here detailed dc magnetization measurements of a Gd,CuO, single crystal. Besides the strong
out-of-plane anisotropy that favors the orientation of the magnetization within the CuO, planes for R,
CuO,, we have also found in-plane anisotropy when the external field H is applied parallel to the CuO, planes.
Three regions could be distinguished in magnetization M vs field curves: for 0<H<H.~35 G, M is only
slightly anisotropic. A metamagneticlike transition is observed when H is parallel to an anisotropy easy axis,
coincident with one [110] direction. Above this transition a ““hidden” weak ferromagnetic component develops.
For H,<H<HZ¥=~300 G strong anisotropy is found, and above the critical field H* all magnetic moments are
completely aligned with the external field and the magnetization is again isotropic. Hysteretic behavior has
been observed at the metamagnetic transition, probably due to the existence of weak ferromagnetic domains.
An intraplanar anisotropy field H,~1200 G and an interplanar coupling constant J, ~2 mkK, have been
estimated from the experimental critical fields using a mean field description of the magnetic coupling between

CuO, planes.

L INTRODUCTION

The compounds R,CuO4 (R = Pr,..., Yb) crystallize in
the tetragonal T’-phase structure of Nd,CuO,.' From the
magnetic point of view the Cu lattice presents three-
dimensional antiferromagnetic (AF) order for all cuprates be-
low Ty~ 250-280 K.2 For Gd,CuO, and heavier rare-earth
cuprates, the square array of oxygen ions surrounding the Cu
sites is rotated around the ¢ axis leading to a reduced ortho-
rhombic symmetry.3 The AF order is not perfect in this case
and weak ferromagnetism (WF) appears for Gd through Yb
compounds due to canting of the copper moments in the
CuO, planes.*~® The origin of this canting has been attrib-
uted to an antisymmetric exchange interaction of the
Dzyaloshinskii-Moriya (DM) type’ allowed in this case by
the orthorhombic distortion.

Early magnetization measurements in Gd,CuQ, single
crystals*> have shown a very strong out-of-plane anisotropy
which favors the orientation of the WF component of the
magnetization within the CuO, planes. In Ref. 5 it was sug-
gested that the in-plane anisotropy was relative small
(<15%). It was pointed out® that this small anisotropy is
related with a special type of ordered oxygen displacement
which allows an antisymmetric exchange interaction of the
DM type.

In this paper we present a detailed study of the dc mag-
netization as a function of the applied field, which does show
an important in-plane anisotropy for H<H*=~300 G. This
anisotropic behavior is described in Sec. III within a five
sublattice magnetization model, four associated with the or-
dered Cu lattice and the other describing the Gd paramag-
netic lattice.
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II. EXPERIMENTAL RESULTS

We have made our measurements on a Gd,CuQ, single
crystal, 4.7 mg of weight, grown by the flux technique.* The
crystal has a platelike shape with the crystallographic ¢ axis
perpendicular to the plate. Magnetization measurements
were made either with a Quantum Design superconducting
quantum interference device magnetometer (in the 20-300 K
range) or with a Digital Measurements vibrating sample
magnetometer at 77 K.
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FIG. 1. Magnetization vs field cycles for 7=100 K. Triangles
and circles correspond to H applied parallel to [110]; and
[110], , respectively. H* is the field necessary to align all moments
parallel to the applied field. The inset shows a detail of the low field
part of the curve. H is the field where the metamagneticlike tran-
sition occurs. Magnetic hysteresis effects are observed in the =75 G
range.
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In Fig. 1 we present magnetization data measured with H
parallel and perpendicular to a [ 110] crystallographic direc-
tion at 7 = 100 K. Three different behaviors can be distin-
guished. For low fields (0<H<H~35 G) the magnetiza-
tion is slightly anisotropic, being larger in the hard direction
[110], (see inset Fig. 1). At the critical field H,, a sharp
increase in the slope is observed for H applied parallel to the
easy axis of magnetization [110];. This critical field could
be associated with a metamagneticlike transition in which
spins of different planes, pointing opposite for H=0, line up.
A similar behavior has been observed in polycrystalline
samples of Y,CuO,4, Ho,CuO,, and Tb,CuQ,, but the criti-
cal fields are considerably larger: H.= 1500, 1300, and 300
G for Y, Ho, and Tb compounds, respectively, at T=100
K.>~" For intermediate fields, H! <H<H*~300 G, M be-
comes very anisotropic. M| presents a sharp increase near
H! while M, remains almost linearly dependent on H.
When H is larger than H* an isotropic behavior is again
observed as the applied field is large enough to saturate the
WF magnetization in both directions.

IT1. DISCUSSION
A. Magnetic free energy

The magnetization of Gd,CuQO,, when H is applied
within the ab plane, is well described by4

M=m,;+ xca(H+ H; gq), (1)

where m,; is the canted copper moment, x gq=2Cgq/
(T+ 60) is the molar magnetic susceptibility of Gd ions, and
H, g4 is the effective magnetic field acting on the Gd mo-
ments due to the coupling with the ordered Cu sublattice. It
has been shown'? that H; g4 is an almost linear function of
m,,; through the relation H; g4= X "m,;. Equation (1) is valid
only for H= 300 G because M is not a linear function of H
at low fields.

A phenomenological free energy, including symmetric
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FIG. 2. Relative orientation of the uniform and Gd magnetic
vectors and the external field. The axes of easy and hard magneti-
zation are labeled [110]; and [110], . The Cu sublattice magneti-
zation vectors (M, ...,M,), not drawn, are oriented almost par-
allel to the y direction in equillibrium.

cuprates.'®!* In that case it was enough to consider only the
interaction between two AF copper sublattices. It was shown
there that, due to the high value of the symmetric exchange
field and the added effect of a strong out-of-plane anisotropy
and the antisymmetric exchange field, an effective free en-
ergy may be written for the uniform magnetization, m,;,
reducing the problem to that of one WF lattice.

For concentrated Gd samples the coupling between the
Gd and the Cu lattices needs to be taken into account. In
order to do so, a three sublattice model including an isotropic
ferromagnetic interaction between the Cu magnetization and
the paramagnetic Gd sublattice was succesfully used.'>1%
However, a thorough description of the low field part
(H<300 G) of the M vs H curves is still missing, specially
when H is applied parallel to the easy axis of magnetization.

We show here that a better description may be obtained
by considering explicitly the coupling between the Cu mo-
ments in CuO, planes separated by a distance c¢/2. The free
energy should now include at least four Cu and one Gd
sublattices

and antisymmetric exchange interactions and second and F=Fn+FetF )
fourth order anisotropy terms, was used to describe the mag- Cu” T GAT T CueGd>
netization and resonance modes of very diluted Gd with
|
4 4 4
4FCu:KZ{ o (Mi'f)zjl —Kx[ 21 (M;- %) |+ K 4 2} (M;-£)* [+ N[M;- M, +M;- My]+D-[M; X M, — M3 X M, ]
Li= i= i=
4
FALMG M+ My My ] = 2 (M, H), 3)
F ( : )M2 Mg H @)
GdT | 2 yge) G Gd* H,
FCu-Gdz_T(M1+M2+M3+M4)'Mcd- (5)

Fc, and Fgq are the individual free energies of the ordered copper and the Gd paramagnetic sublattices, respectively.
F cu.gq Tepresents the exchange coupling between the two subsystems as in Ref. 16. The constants K, K, , and K4 (all >0)
are second and fourth order magnetic anisotropy terms; N, N\, , and A\’ (all >0) are the intraplanar, interplanar, and Cu-Gd
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isotropic exchange interaction constants; D is the antisymmetric exchange vector corresponding to the DM interaction; and
Xca is the molar magnetic susceptibility of Gd ions, as in Eq. (1). Terms of the form M;-H correspond to the Zeeman
interaction with an external magnetic field.

Equation (2) may be rewritten in terms of the uniform and staggered magnetizations,14

M1+M2 _M3+M4 _MI_MZ _M3“M4
m1:T7 my= 4 s ll_- 4 s 12__7“-’ (6)

the equation for the free energy then becomes

F=K{[(m;+1)- 22+ [(m; —1))- 22+ [(my+ L) - 2]*+[(my— L) - 21} = K {[ (m; +1;) - £]>+ [ (m; = 1,) - £]?
+[(my+1L) - 212+ [(my— 1) - £12}+ 4K, {[(m; +1)) - £1*+[(m; = 1)) - £]* +[(my +1,) - £]* + [ (my — 1) - £]*}
+A[(m;+1))-(m—1)+(my+L) - (my—L)]+D-[(m; +1;) X (m; —1;) — (my + ) X (my, — 1) ]

1
+)\L[(m1+ll)’(m2+12)+(m1—11)'(m2—l2)]__(ml+m2)'H+<%)Méd_—MGd'H—)\,(ml+m2)'MGd' 7

As for Gd,CuO,4, A>D> (K, ,\',H/M,), m,, and I, , remain both in the ab plane (see Ref. 14), and their magnitudes are
given by

Myt

> ~——] (8)

M,
l=lad=1~ 52 =l =m =
and, as |M;|=|M;|=|My| implies m,L1;, an effective free energy can be written'*

Fege H, 2 2 4 4
=“—2'(COS @1+ cos”@;) + H 4(cos” @ +cos” @y) + H cos(¢) — @) — H[cos(@; — a) +cos(py— ) ]

m

1 1
=N Mgyl cos(@;— @ga) +cos(¢@,— @ga) ]+ ;(%Méd—M caHcos(@ga— 01)) , 9

where the effective fields are defined through H,=2K M ,(2\/D), Hx4=Kx4M(3)(2)\/D), and H,=X\ |, My(2\/D). The angles
®1, ¢2, Pcq, and a, measured with respect to the x axis, the easy axis for the uniform magnetization, are defined in Fig. 2.
Terms not dependent on the angular variables have been omitted. The equilibrium orientation and magnitude for the magne-
tization of different sublattices is found by minimizing the total free energy with respect to the angular variables. The following
set of coupled equations is obtained:

Hsina+ \'m(sing; +sing,)
t =
ANPCI= Heosa+ N m(cosp; +cosey)’

|M dl®= xEAH*+2(N' m)*[ 1 +cos(@,— @)+ 2HN " m[cos( @, — a) +cos( @, ~ @) ]},
H,sing,cos@; —4H 4cos> @ sing; — H sin(@; — @) + Hsin(¢; — @) + X' M ggsin( @1 — ¢gq) =0, (10

H sing,cos@, — 4H 408> @,sing, + H ,sin( @, — ¢,) + Hsin( @, — a) + X' M ggsin( @, — ©gq) =0.

For H applied parallel to [ 110]; a metamagneticlike transi- allel to a parallel alignment with respect to H. For the mea-
tion is expected at a critical field sured parameters a spin-flop-like transition is not expected to
occur.

When H is applied parallel to [110], a spin reorientation

_H,—éN'm  H,—§H,; 42 transition occurs at a critical field H* .!* The following ex-

H!= = , (11) . )
¢ 1+¢ 1+¢& pression could be deduced from Eq. (10):
with H; ga=N'my=2N"m, §= xgq\'. This critical field in- ' H*:zHe—in,Gd/2+Hx=2H,+ x (12)
dicates the flipping of the copper moments from an antipar- ¢ 1+& c1+€
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FIG. 3. First magnetization curve as a function of the applied
field. Triangles and circles are data measured with H applied par-
allel to [110] and [110], . The solid line corresponds to a fit using
Eq. (10).

From Egs. (11) and (12) the interplanar exchange constant
and the in-plane anisotropy field could be derived,

el =l e 52 )
)\L—mwf 3N —;1; H,+§ H.+ 2 VR
13
H,=(1+§&)(HF—2H,). (14)

B. Data analysis

Using Eq. (10) we have fitted the first magnetization
curves in both directions and the results are shown in Fig. 3.
From the values of D/2A=9X1073, H;5=520 G,
m;=3.3X10"% G/(u4/Cu atom), and £=4.4 (at T= 100 K)
found in the literature,*>'*"'* and with H.~35 G and
H*=300 G obtained from the experimental data, we derive
H,~1200 G, H,4,~175 G, and A\, ~ 34.4 G/(ug/Cu atom),
which gives J, ~2.3 mK. Note that the values determined
for H, and J, are considerably increased when the Cu-Gd
interaction is taken into account [see Egs. (13) and (14)]. If
no coupling is included we would have obtained H,~225 G
and J, ~0.06 mK. The value of J, obtained is an order of
magnitude smaller than those found in nonmagnetic
Y,CuO, (Ref. 9) (J,~16 mK) and La,CuO, (Ref. 17)
(J,~23 mK).

It should be mentioned that the magnetization in the
[ 110]; direction is not exactly steplike as the model predicts.
A displacement of the out-of-plane oxygen, O(2), has been
observed® by neutron difraction. This oxygen induces the
coupling between neighboring planes, and slightly different
displacements can originate a distribution of H, around a
mean value causing a smoother curve. In the [ 110]; direction
hysteresis effects are observed in the =75 G range (see inset
Fig. 1), although with zero remanent magnetization and co-
ercive field. Similar hysteresis effects in the hard axis direc-
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FIG. 4. In-plane angular variation of the magnetization mea-
sured at T="77 K with 50 G of applied field. See that M is almost
twice as large as M, . Arrows and different symbols indicate the
measurement sequence. Note that strong angular hysteresis effects
are present when H is not applied parallel to a (110) axis.

tion are negligible. This hysteretic behavior is indicative of
the presence of WF domains and could also be responsible,
due to the effect of domain wall motion and reversal, for the
smoother step at the critical field.

The in-plane anisotropy can be appreciated in Fig. 4. The
angular variation, measured at 77 K with an applied field of
50 G, shows clearly that M| is almost twice as large as
M, . Angular hysteresis effects are present when H is not
applied parallel to a [ 110] direction. This is also indicative
of the presence of WF domains.

Bordet ef al.'® have found three different types of super-
structures associated with the long-range order of the CuO,
plane distortions. In Ref. 8, Stepanov et al. analyzed the pos-
sible displacements of the oxygen atoms within the CuO,
planes that could lead to WE. They show that two types of
oxygen displacements perpendicular to the CuO chains exist.

Type 1 originates a completely isotropic magnetization
within the ab plane for all applied fields and is related to the
DM exchange interaction. Type 2, on the other hand, leads to
an anisotropic magnetization in the ab plane with 180° sym-
metry. Based on the isotropic behavior of M at high fields,
they concluded that type 1 was probably the distortion
present. However, the fact that the magnetization measured
at low fields is anisotropic led us to consider type 2 distor-
tions as the most probable, adding to the free energy of Eq.
(2) the following term: D,(M | M,— M, M,, +M;3,M3,
—M 4,M 4,). This contribution adds to Eq. (9) a term of the
form H Dz(coszgo]-i-coszgoz). Such an expression accounts for

the fact that type 2 distortions cause an easy axis of magne-
tization and may justify the phenomenologically introduced
crystallographic anisotropy.

The ratio M /M, is plotted in Fig. 5(a) as a function of T
for H=100 G. This quantity serves as a parametrization of
the anisotropy. A maximum is observed near 7= 100 K. In
Fig. 5(b) we show the variation of M /M, vs H at T=100
K. The maximum corresponds to H~100 G. We have de-
fined the critical field H, as the data point where M|/M
crosses 1, and H} when M|/M reaches ~1.02. In Fig. 6
we present the temperature dependence of H . This critical
field increases with 7T, in agreement with Eq. (12), assuming
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FIG. 5. Temperature (a) and field (b) variation of the factor
M /M, for H=100 G and T=100 K, respectively. This factor is
representative of the amount of crystalline anisotropy.

that all parameters are almost temperature independent at
low T, except xga(T). The decrease in HY , for T>150 K,
indicates that the temperature dependence of the parameters
used is important above this temperature and should be taken
into account. The other critical field, H., does not present
any significant temperature variation below T and remains
nearly constant, H.~35 G.
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FIG. 6. Dependence of H* with temperature. The increasing
behavior for low T is consistent with Eq. (12) assuming that all
parameters are almost temperature independent except for xgq(7).
For higher temperatures a decrease in H* is expected because it
should equal zero at Ty .

IV. CONCLUSIONS

Detailed magnetization measurements have been made in
order to study the existence of in-plane magnetic anisotropy
in Gd,CuQ,. We have shown that a metamagneticlike tran-
sition is present at fields much lower than that found in
heavier rare-earth cuprates (H.~35 G). In Ref. 11 it was
suggested that the decrease in H_ was related to the increase
in the c-axis lattice parameter. Added to the variation of c,
the effect of the displacements of the O(2) out-of-plane ions,
which are smaller when ¢ increases, may affect the magnetic
behavior of the system. Apparentely the Gd compound has a
¢ distance near the limit that prevents the occurrence of the
metamagnetic transition. This may be related with the
sample dependence of the magnetic properties observed es-
specially for low magnetic fields. The interplanar exchange
constant, J, , is significantly smaller, only 10%, than those
derived for non-magnetic cuprates. A relatively large anisot-
ropy has been measured in the ab plane. This would imply a
distortion of the oxygen squares different from that leading
to a DM interaction. The observed behavior is consistently
described within a five sublattice magnetic free energy model
which takes into account the Cu-Gd coupling and the inter-
action between the Cu planes.
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