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Abstract. We have investigated the magnetic ordering of Ndz_,Ce;CuO4 for z = 0, 0.09, 0.13, 0.15
and 0.18 by neutron diffraction at low temperatures down to 33 mK and under magnetic field up to 5 tesla
applied along [1, —1,0] crystallographic direction. At zero applied magnetic field Cu magnetic sublattice
orders at Tn = 250, 210, 130 and 105 K for =z = 0, 0.09, 0.13, 0.15, respectively. No long range magnetic
order of the Cu could be detected for x = 0.18. The magnetic order of Nd was found in all samples, with a
gradual increase of the polarized magnetic moment with decreasing temperature, saturating around 1 K.
Hyperfine induced nuclear polarization of the Nd nuclear spin has been observed below about 400 mK for
samples with z = 0, 0.13, 0.15 and 0.18. Field variation of the intensities of the principal and superstructure
reflections of Nd2_,Ce,CuO4 at millikelvin temperatures shows a field-induced second-order double-k to
single-k phase transition at H. = 0.75 and 0.56 tesla for samples with z = 0 and 0.15, respectively at
T = 50 mK. We have also investigated the polarization of the Nd electronic sublattice due to the field of the
Cu sublattice by the element specific X-ray resonant magnetic scattering investigation with synchrotron

radiation.

PACS. 75.25.4z

Spin arrangements

in magnetically ordered materials

(including neutron and

spin-polarized electron studies, synchrotron-source X-ray scattering, etc.)

1 Introduction

The discovery of superconductivity in electron-doped
cuprates [1] Ra_;Ce;CuOy4 (R = Ce, Pr, Sm) follow-
ing the discovery of high temperature superconductivity
in hole-doped Las_,Sr,CuO4 and RBasCusOg4, (R =
rare earth element) raised the question of ‘hole-electron
symmetry/asymmetry’ in the theory of high tempera-
ture superconductivity [2]. This induced a large number
of experimental and theoretical investigations on both
classes of materials [2]. The magnetic ordering and the
spin structures of the parent material NdoCuOy4 (space
group I4/mmm) of the electron-doped superconductor [1]
Nd;_,Ce,CuO,4 have been studied by several authors by
neutron diffraction [3-8]. The three-dimensional ordering
temperature Ty of NdoCuO,4 depends on the oxygen sto-
ichiometry and lies in the temperature range from 245
to 276 K. Below Ty the magnetic moments of the Cu ions

order with a propagation vector k = (%, %, 0). The mag-

® e-mail: chatt@ill.fr
Has changed his surname
“Chatterji”.

from “Chattopadhyay” to

netic structure of NdoCuOy4 has been found to be of non-
collinear double-k type in which the propagation vec-
tors k; = (%, %,0) and ko = (%, ,%,0) are coupled.
Nd3CuOy4 undergoes two spin-reorientation phase transi-
tions [3-5] at 75 and 30 K. The Nd magnetic moment
is polarized at all temperatures below T but the order-
ing becomes complete at about 1 K. Figure 1 shows the
non-collinear double-k magnetic structures of NdsCuQy in
phases I, IT and III proposed by Lynn and coworkers [4, 5]
along with the collinear single-k structure models reported
previously [3]. It is to be noted that collinear single-k and
and non-collinear double-k structures can not be distin-
guished by neutron diffraction experiments unless they are
performed under applied magnetic field or uniaxial stress.
The non-collinear double-k magnetic structure models of
Lynn and coworkers [4,5] have been derived from their
neutron diffraction experiments under magnetic field ap-
plied along both [110] and [100] crystallographic direc-
tions. Below about 7" = 400 mK the nuclear magnetic
moments of the 3Nd and *°Nd nuclei of NdyCuOy4 be-
come polarized due to the hyperfine field of the ordered
Nd electronic moments. We reported the results of nuclear
polarization in undoped NdzCuOy [9]. We also reported [9]
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Fig. 1. (a) The non-collinear (double-k) magnetic structure models of Nd2CuOy4 in phases I and III and (b) that in phase II.
(¢) The corresponding collinear (single-k) magnetic structure models of Nd2CuOy in phases I and III and (d) that in phase II.
The diffraction patterns of models (a) and (c) and also those of (¢) and (d) are indistinguishable unless one applies uniaxial
stress or magnetic field. Lynn and coworkers [4,5], based on their field dependent investigations, claim that the non-collinear

models (a) and (b) are the correct magnetic structures.

the field-induced double-k to single-k phase transition on
undoped NdyCuOy4 at H. =~ 0.75 T at low temperature.
We have extended these investigations on doped samples.
We report the results of our systematic detailed neutron
diffraction investigation of the temperature and field de-
pendence of Nds_,Ce,CuO4 down to about 33 mK and
up to 5 tesla. We have investigated the polarization of
the Nd electronic sublattice by the recently developed el-
ement specific X-ray resonant magnetic scattering with
synchrotron radiation on the undoped NdaCuOy.

The paper has been organized as follows. In Section 2
experimental details are given. In Section 3.1 we describe
the results of zero-field neutron diffraction investigations.
In Section 3.2 the neutron diffraction results under mag-
netic field are described. In Section 4 we describe the re-
sults of resonance X-ray magnetic scattering experiments.

We discuss the results of the experiments in Section 5.
Section 6 gives the summary and conclusions.

2 Experimental

Neutron diffraction experiments were performed on
plate-like single crystals of NdoCuO4 and Nds_, Ce,, CuOy4
for x = 0.13, 0.15 and 0.18 of varying weights ranging from
about 500 mg to about 1 g on the two-axis diffractome-
ter E4 of the Berlin Neutron Scattering Centre (BENSC)
using a *He-*He dilution insert placed inside a vertical
cryomagnet. The crystals were fixed on a copper plate
attached to the cold tip of the dilution insert with the
[1,—1,0] axis was approximately parallel to the w-axis of
the diffractometer. We have also used an ordinary helium
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cryostat for zero field investigations above 1.5 K.
Monochromatic neutrons of wavelength 2.4 A were ob-
tained by using a PG 002 monochromator. The higher
order wavelength contamination was suppressed by using
a PG 002 filter. The collimation was 40’-open-40’. The
mosaic spread of the crystals were less than the resolution
of the diffractometer.

X-ray resonant magnetic scattering investigations were
performed on pure Ndy;CuO4 and Ndy_ ,Ce, CuQOy for x =
0.15 on wiggler beam line W1 of the HASYLAB at DESY
in Hamburg. A plate shaped single crystal of size of about
5x3x0.2 mm? was mounted on helium cryostat which was
specially designed for medium energy X-rays. The helium
cryostat was fixed on the diffractometer with the vertical
scattering plane. The diffractometer was equipped with a
perfect Si(111) double monochromator.

3 Neutron diffraction investigations
3.1 Zero field investigation

Magnetic ordering of pure Nd;CuO4 and Ndy_,Ce, CuOy,
at zero applied magnetic field had been investigated by
neutron diffraction by several groups [3-9]. However, we
repeated this investigation on our crystals in order to
check whether the previous results are reproducible in our
crystals. This was important because we used the same
crystals or crystals from the same batch for our inelas-
tic neutron scattering investigation of the Nd magnetic
excitations [11-13]. To monitor the the Néel tempera-
ture Ty and spin reorientation transitions temperatures
we measured the temperature variation of %%0, %%1, %%2
and %%3 superstructure reflections of Ndo CuQy. Figure 2a
shows the temperature variation of the %%1 reflection
which starts growing below T ~ 250 K. The intensity
of this reflection increases continuously as the tempera-
ture is decreased down to about 100 K below which it sat-
urates before dropping suddenly to a small value at the
first spin reorientation transition temperature 77 ~ 75 K.
The intensity of this reflection increases slowly below this
temperature and finally increases abruptly at the sec-
ond spin reorientation transition temperature T ~ 35 K.
So NdyCuOy4 has three magnetic phases. The high temper-
ature phase I is stable between T and T7. The intermedi-
ate spin oriented phase II is stable in between T7 and T5.
The low temperature phase III has the same magnetic
structure as the phase I. The intensity of the %%1 reflec-
tion decreases again due to the polarization of the Nd elec-
tronic moments which contribute a negative term to the
magnetic structure factor. At 7' =~ 10 K the contribu-
tion to the magnetic structure factor due to the polar-
ization of Nd electronic moments becomes equal to that
of Cu moments and therefore the intensity of this reflec-
tion becomes almost zero. The intensity of the %%1 re-
flection increases again at lower temperature where the
Nd contribution becomes greater than that of Cu. It is to
be noted that Nd magnetic sublattice does not show any
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Fig. 2. (a) Temperature variation of the intensity of the
%%1 reflection from Nd2CuOy4. The reflection starts growing
below Ty ~ 250 K. (b) Temperature variation of the inten-
sity of the %%1 reflection from Nd2CuOy4 in the temperature
range 4-24 K. The continuous curve is the fit of the data
with equation (3). (¢) Temperature variation of the intensity
of the %%3 reflection from Nd2CuOy in the temperature range
4-24 K. The continuous curve is the fit of the data with equa-
tion (5).
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well defined ordering temperature but rather becomes po-
larized due to the mean field produced by the Cu mag-
netic moment. In our X-ray resonant magnetic scattering
experiment at the Nd Lj; absorption edge in which the
contribution of the Cu moments is negligible, we have
demonstrated this. This will be described in Section 4.
Figure 2b shows the temperature variation of the %%1 re-
flection of Nd2CuOy4 in the temperature range 4-26 K
in the phase III. As we noted previously the intensity
of this reflection decreases with decreasing temperature,
goes through a minimum at about 10 K and then starts
increasing again at lower temperature. We remarked al-
ready that this peculiar behaviour is due to the increasing
contribution of the Nd magnetic moment at low tempera-
ture. We have attempted to fit the temperature variation
of the intensity of the %%1 reflection by the following sim-
ple model. The intensity of the magnetic Bragg reflection
is given by [4]

I(7) = C:G(T)H(T) (1)

where Cj is a constant. The values of G(7) for 311 reflec-
tions have been tabulated in [4] for [ = 0,1,...7 for the
phases I, II, and III. H(7) is also given in the same table.
The intensity of the %%1 reflection in phases I and III is

given by

I=C x32.0 (foupcon — 1.19 fnaping)’ (2)

We assume that the ucy, is already saturated below 25 K
and png increases as Brillouin function or approximately

as % The form factors fc, and fngq are constants for the

111 reflection. So we can rewrite equation (2) as

1161(1762/T)2 (3)
where ¢; = C1(fcuficu)? and cp = %}{gﬁ
ous curve in Figure 2b is the result of the least squares
fit of the data with equation (3). Although the fit is not
excellent, the temperature variation of the %%1 reflection
is reproduced qualitatively. Figure 2c shows the tempera-
ture variation of the intensity of the %%3 reflection in the
temperature range 4—24 K. The reflection increases mono-
tonically as the temperature is decreased. The intensity of

this reflection is given by

. The continu-

I =Cy % 32.0 (foupcn + 1.88 fxaping)’ - (4)

Under similar approximations as above equation (4) can
be reduced to

I:CI(1+62/T)2 (5)

where ¢; = C1(fcuptcn)? and cg = %. The continuous
curve in Figure 2c is the result of the least squares fit of
the data with equation (5) and looks reasonable.

We have performed similar experiments on the doped
Nd;_,Ce,CuO,4 crystals with =z = 0.09, 0.13, 0.15
and 0.18. The sample with =z < 0.15 showed Cu mag-

netic order, with ordering temperature T ~ 210, 130
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and 105 K for x = 0.09, 0.13 and 0.15, respectively. No
long-range magnetic order could be detected for z = 0.18.
Induced Nd magnetic order was found in all samples,
with a gradual increase of the ordered magnetic moment
with decreasing temperature, saturating around 1 K. The
temperature variation of the superstructure reflections
is very similar. Figure 3 shows the temperature varia-
tion of the intensities of %%0, %%1 and %%3 reflections
of Ndy_,Ce,CuOy4 for z = 0.13 as a representative exam-
ple. The Néel temperature or the Cu ordering tempera-
ture of Nds_,Ce,CuQ,4 decreases continuously with dop-
ing (Fig. 4). The spin reorientation transitions take place
for the doped samples for x < 0.15. The transition temper-
atures Ty, 11 and T5 are shifted to lower temperatures and
the width of the stability range of the intermediate spin
reoriented phase (called phase II) is also decreased. For
example for the sample with « = 0.13 the spin reorienta-
tion transition temperatures are T} ~ 10 K and T ~ 4 K.
These results are in agreement with those of reference [4].

During the early days of the neutron diffraction inves-
tigation of NdoCuQO, it had been noticed by several au-
thors that the intensity of the %%O reflection which is zero
in the low temperature phase below about 30 K starts to
increase again below about 400 mK. No satisfactory expla-
nation of this phenomenon was provided before we demon-
strated [9] that this increase in intensity can be inter-
preted as due to the hyperfine induced polarization of the
Nd nuclear moments. In fact we demonstrated that the in-
tensities of all superstructure reflections increase with de-
creasing temperature due to the nuclear polarization. We
have extended these measurements on Nds_ ,Ce, CuQOy4 for
z = 0.13, 0.15 and 0.18. We have measured tempera-
ture variation of the intensities of several nuclear and su-
perstructure reflections. We reported [9] the temperature
variation of the intensities of the superstructure reflections
of Nd2CuOy4 at millikelvin temperatures. All superstruc-
ture reflections increase in intensity below about 400 mK.
The %%0 reflection which has zero intensity in the low tem-
perature magnetic phase below 30 K develops below about
400 mK and grows in intensity down to 33 mK, the low-
est temperature obtained during the measurements. None
of these reflections shows any sign of saturation down to
33 mK. The intensities of all superstructure reflections
of Ndy_,Ce, CuQy increase as in the undoped compound.

The cross section for a coherent scattering process in a
ordered magnetic material containing polarised nuclei for
the case of unpolarised neutron is given by

2

Oc TeY 1
< =2 |EIM, + —bNIP 6
1 = et |5 ML+ by (6)

where
2b;

by = ——— (7)

I(I+1)
b. and b; are the coherent and incoherent scattering
lengths, "% = 2.696 x 10~* cm per pp is the magnetic

scarttering length, r. is the classical radius of electron,
v is gyromagnetic ratio of the neutron, M, = pu, f(Q),



T. Chatterji et al.: Temperature and field dependence of the magnetic properties of Ndz_,Ce, CuQOy4

(a)
2-5 -I T T | LU | LU | LI | LU | LU | TTT I-
- { Nd Ce CuO x=0.13 ]
F 2-x X 4 1
2 | Q = (1/2,1/2,0) N
:@ L i
= L ]
; 15 [ ]
3 - ]
> [ * * { ]
= 1 L ]
S L J
= - % L
05 [ s
0 -| [T NN S A S A A A |-
1 2 3 4 5 6 7 8
Temperature (K)
(b)
100 T T T | T T T | T T T | T T T | T T T :
E Ndz_XCeXCuO4 x=0.13 ]
0 Q= (1/2,1/2,1) ]
— l®
2 ]
c e 4
=] [
a e
S 10y :
2 C ]
D C ¢ % ]
£ _ Pha i 5 i |
1 PR I TR T S [N TN T TR N NN S T N N l
0 20 40 60 80 100
Temperature (K)
(c)
1000 7+ 77T
Nd Ce CuO x=0.13 ]
2-x X 4 4
Q=(1/2,1/2,3) 1
m
= 100 E
5 3
e‘ .
& ]
2 .
2
) 10 ™ .
= E L] E
£ o a%% ® ]
F sy e ]
I BT B S B
0 50 100 150 200
Temperature (K)
Fig. 3. Temperature variation of the intensities of (a) %%0,

(b) %%1 and (c) %%3 reflections of Nd2_,Ce,CuO4 for
z = 0.13.

209
300 | T T T T I T T T T I T T T T I T T T T ]
250 & .
< [ ]
o 200 [ N
3 [ ]
S L i
S 150 [ -
£ [ ]
(0] L i
[ - ]
(O] - i
=z L ]
%0 ]
o b ]

0 0.05 0.1 0.15 0.2

X

Fig. 4. Variation of the Cu ordering temperature Txn of
Ndz_;Ce; CuOy4 as a function of Ce doping x. The continu-
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(1 is the component of the magnetic moment perpendic-
ular to the scattering plane, f(Q) is the magnetic form
factor, Q is the scattering vector, I is the nuclear spin
and P is an unit vector in the direction of nuclear po-
larization. The coherent scattering length for the natural
Nd atom b, = 7.69 x 107! and by = 0.92 x 107 c¢m
for the natural Nd atom. Thus the cross sections of the
three scattering processes are of the same order of mag-
nitude for natural Nd. One must note the @ dependence
of the three scattering processes. The magnetic scattering
process is ) dependent through the magnetic form fac-
tor f(Q) whereas the two other scattering cross sections
are ) independent. Another important difference between
the magnetic scattering and the scattering from the po-
larised nuclear moments is that in the former case only the
magnetization component perpendicular to the scarttering
vector contribute to the scattering, whereas no such selec-
tion rule exists for the latter. In particular if the scattering
vector is parallel to the magnetization then the magnetic
scattering is zero whereas the scattering from polarized
nuclear moments can exist.

The %%0 reflection in NdoCuQy is a pure nuclear po-
larization peak and its intensity has a simple relationship
to the polarization of the nuclear moments [9]. Figure 5
shows the temperature variation of the intensity of the
%%0 reflection of Ndy_,Ce,CuOy4 for x = 0, 0.13, 0.15
and 0.18. We have fitted the intensity with the square of

the Brilliouin function B;_ : (%I)

F?=c¢ {BIZ% (‘ILTI) }2 +a (8)

where c is a constant of proportionality, ag is the hyperfine
parameter and [ is the nuclear spin and a is the additive
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constant to the intensity due to small higher order wave-
length contamination. Least squares fit to these data gave
hyperfine parameters ap = 34.6 & 0.8,40 £ 6,42 £ 2 mK
for x = 0, 0.13 and 0.15, respectively. We have fitted three
parameters: the constant of proportionality ¢ which when
the intensity data were in absolute units, could yield the
difference [b™ —b~|, the hyperfine parameter ag and an ad-
ditive constant a to the intensity. b* and b~ are the scat-
tering lengths with neutron spins parallel and antiparallel
to the nuclear spin. We see that the hyperfine constant ag
is practically constant within the uncertainty and does not

depend very much on the doping. There may be an indi-
cation of increase in the hyperfine constant with doping
but the large uncertainty in the fit procedure and large
standard deviations make this apparent increase doubt-
ful. In any case the hyperfine constant is insensitive to the
Ce doping. This is exactly what one expects because upon
doping electrons go to the Cu-O plane. The Nd atoms
are depleted by the substitution of the Ce atoms but
the hyperfine field produced by the electronic moments
of the Nd atoms on the nuclear spin remains unchanged
on doping.
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3.2 Field dependence

We have measured the magnetic field variation of the in-
tensities of %%0, %%1, %%2, %%3, %%4, %%5, %%6 super-
structure and the 110 fundamental reflections of NdoCuQOy4
in fields up to 5 tesla applied parallel to the [1,—1, 0] crys-
tallographic direction at T" = 50 mK, 200 mK, 500 mK
and 2 K. We already published [10] some of these re-
sults. The superstructure reflections with [ = odd de-
crease continuously and become zero at a critical field of
about 0.75 tesla. There exists no significant hysteresis in
the field variation of the intensities. The superstructure
reflections with even [ increase in intensity with increas-
ing magnetic field up to about 0.75 tesla and then de-
crease with magnetic field up to 5 tesla, the maximum
field obtained during the experiment. Figure 6a shows
the magnetic field variation of the intensity of the %%1
and %%3 reflections of NdyCuOy4. Their intensities de-
crease continuously and becomes zero at T, = 0.75 tesla.
Figure 6b shows the field dependence of the %%O reflec-
tion of NdyCuOy4 at T'= 50 mK and 250 mK. This reflec-
tion has no contribution from the electronic magnetic mo-
ments and arise purely from nuclear polarisation effects at
millikelvin temperatures. The field variation of the inten-
sity of the %%0 reflection at T' = 50 mK is similar to those
of %%2 published by us [10] previously, viz. it increases
with increasing magnetic field almost linearly up to the
critical field H. ~ 0.75 tesla and then decreases almost
linearly. At T' = 250 mK the intensity of this reflection is
reduced very much indicating that the nuclear polarisation
is almost absent at that temperature. The intensity of the
110 reflection increases linearly with increasing magnetic
field.

These results can be understood by assuming
that the application of the magnetic field parallel
to [1,—1,0] causes a field-induced double-k to single-k
(or non-collinear to collinear) second-order phase transi-
tion at about at H. = 0.75 tesla. The absence of hys-
teresis in the field variation of the intensity of superstruc-
ture reflections confirms that the magnetic structure of
both Cu and Nd sublattices at H = 0 is double-k also at
millikelvin temperatures. It should be noted that the su-
perstructure reflections with odd [ and with even [ belong
to the two different propagation vectors of the double-k
structure. It is because of this that the intensities of the
superstructure reflections with odd and even [ behave dif-
ferently as functions of magnetic field, i.e., when one in-
creases in intensity the other decreases and vice versa. The
critical field at which the magnetic structure of NdsCuOy4
becomes single-k or collinear is about 0.7 tesla at T' = 50,
200 and 500 mK. At T = 2.0 K, the highest tempera-
ture obtained during the present measurements, the crit-
ical field is increased to about 1.0 tesla.

We have already noted that the field dependence of
the %%0 reflection is very similar to those of other su-
perstructure reflections with even [. Remembering that
this reflection originate purely from the nuclear polariza-
tion effect, we conclude that the nuclear spin structure
which is also a non-collinear double-k type at zero field
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Fig. 6. (a) Magnetic field variation of the intensities of 211
and %%3 reflections of Nd2CuOy4 at 50 mK. (b) Magnetic field
variation of the intensities of %%O reflection of Nd2CuOy4 at 50
and 250 mK. This reflection arises purely from the nuclear po-
larization effects and has no electronic magnetic contribution.
The field dependence of the %%0 reflection is very similar to

those of other superstructure reflections with even [ [10].

undergoes a similar field-induced double-k to single-k (or
non-collinear to collinear) second-order phase transition at
about 0.75 tesla. The intensity of this reflection is reduced
almost to zero at 250 mK as expected because the nuclear
polarization contribution is very small at this tempera-
ture. The 110 structural reflection increases continuously
in intensity as the magnetic field is increased. This is due
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Fig. 7. Magnetic field variation of the intensities of %%1 su-
perlattice reflections of Nd2_,Ce;CuO4 with x = 0.15 at
T = 50 mK.

to the canting of Nd electronic and nuclear magnetic mo-
ments parallel to the field direction. This causes magnetic
contribution to the structural 110 reflection.

We have performed similar field-dependent measure-
ments on Nds_,Ce, CuO4 with z = 0.13 and 0.15. We do
not show all the results but discuss here only the results for
x = 0.15. Figure 7 shows the field variation of the inten-
sities of %%1 superstructure reflections of Ndy_,Ce,, CuQOy
with = 0.15 at T' = 50 mK. The intensity decreases
continuously with increasing field and becomes zero at
the critical field H. ~ 0.56 tesla. The critical field H,
is shifted towards lower field compared to the undoped
sample. Other %%l reflections with [ = odd behave sim-
ilarly. Figure 8 shows the field variation of the intensity
of the %%2 and %%0 reflections. The intensity increases
continuously up to H, ~ 0.56 tesla and then decreases
continuously. Note that the %%0 reflection originates from
pure nuclear polarization effects and has no electronic
magnetic contribution. Field variation for other %%l re-
flections with [ = even is similar. Ndy_,Ce,CuO4 with
x = 0.15 shows field induced double-k to single-k (or
non-collinear to collinear) second-order phase transition
at H. =~ 0.56 tesla. So the field dependence of the doped
samples Ndsy_,Ce, CuQy is very similar to that of the un-
doped NdyCuOy. Only the critical field H, is shifted to-
wards lower field.

The field-induced double-k to single-k (or non-
collinear to collinear) transition has also been observed
in NdoCuOy4 at higher temperatures at which induced
Nd moment is negligible [4]. So the Cu magnetic sub-
system also undergoes same phase transition in magnetic
field applied parallel to [1,—1,1] in all the three phases I,
IT and III. The effect of magnetic field on the superstruc-
ture 117 reflections in phase II is just opposite to those of
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phases I and II. The superstructure reflections with [ =
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Fig. 8. Magnetic field variation of the intensity of (a) the 512
and (b) %%O reflections of Nds_,Ce,CuO4 with z = 0.15 at
T = 50 mK. The continuous lines are guides to the eyes.

even decreases continuously with field and becomes zero
at the critical field H. whereas the superstructure reflec-
tions with [ = odd increase at first with increasing field up
to H. and then decrease slowly. Figure 9 shows the tem-
perature variation of the critical field H. in which we have
included higher temperature data from references [4]. The
critical field shows a maximum at about T =~ 25 K.

4 X-ray resonant magnetic scattering

We have done X-ray resonant magnetic scattering inves-
tigations on Nds_,Ce,CuQ, single crystals for z = 0
and 0.15. The mosaic spread of the Nd,CuQOy4 crystal was
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Fig. 9. Temperature variation of the critical field H. at
which double-k-singlek transition takes place. We have in-
cluded higher temperature data from references [4].

found to be about 0.1 degree. Search for magnetic re-
flections at low temperatures with X-ray energy tuned
to the Ly absorption edge of Nd (E = 6722 eV) read-
ily revealed magnetic intensities at the reciprocal posi-
tions corresponding to to the propagation vector k =
(3,3,0). Figure 10a shows the variation of the intensity
of (%, %, 6) magnetic reflection as a function of X-ray en-
ergy at T'= 1.9 K. Figure 10b shows the variation of the
background or the fluorescence intensity which is propor-
tional to the absorption. Strong resonance enhancement
of the magnetic scattering is observed at the Li; absorp-
tion edge of Nd. The peak intensity at £ = 6722 eV was
about 30 counts per second at 1.9 K. Figure 11 shows the
temperature variation of the intensity of the (%, %, 6) re-
flection at F = 6722 eV. The intensity of the reflection
decreases continuously with temperature but could still
be observed at 20 K. The intensity is proportional to the
square of the magnetization of the Nd sublattice only,
since the contribution due to the Cu sublattice is negli-
gible. The Nd magnetic moments are polarized due to the
mean field of the ordered Cu magnetic sublattice. We have
fitted the intensity with the square of the Brilliouin func-
tion. We have assumed that the magnetic moments are due
to the “S' = %” pseudo spins of the lowest CEF Iy doublet
of Nd3*. The fitted intensity is shown by the continuous
curve in Figure 11. The mean field of the ordered Cu mag-
netic sublattice on the Nd is found to be 6.2+ 1.0 K which
is about 0.54+0.1 meV. This compares well with the value
0.51 £ 0.2 meV determined by the inelastic neutron scat-
tering investigation of the Nd spin wave dispersion [12].
The present results of the X-ray resonant magnetic scat-
tering agrees well with those reported by Hill et al. [14].
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Fig. 10. (a) The variation of the intensity of (3, 1,6) mag-

netic reflection of Nd2CuO4 as a function of X-ray energy at
T = 1.9 K. (b) shows the variation of the background or the
fluorescence intensity which is proportional to the absorption.

We have performed similar X-ray resonant magnetic
scattering investigations on Ndy_,Ce,CuO4 (z = 0.15)
single crystal which had a mosaic spread of about
0.04 degree. We readily detected magnetic intensities at
reciprocal positions corresponding to the propagation vec-
tor k = (330) at low temperature with the X-ray energy
tuned to the Li; absorption edge of Nd. Figure 12a shows
the variation of the intensity of the %%6 reflection as a
function of X-ray energy at T'= 4.35 K. Figure 12b shows
the fluorescence intensity. Strong resonance enhancement

of the magnetic scattering is observed in Nds_,Ce,CuQOy4
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(3,3.6) reflection of Nd2CuO4 at E = 6722 eV. The con-
tinuous curve is the result of least-squares fit of the data to
the square of the Brilliouin function.

(x = 0.15) at the Ly; absorption edge of Nd as in the case
of the stoichiometric NdoCuQy. Figure 13 shows the tem-
perature variation of the intensity of the %%6 magnetic
reflection at E = 6723 eV. We have fitted the intensity
with the square of the Brilliouin function which is shown
by the continuous curve of Figure 13. The mean field of
the ordered Cu magnetic sublattice on the Nd is found to
be 6.6 £ 0.4 K which is equal to 0.57 & 0.04 meV. This
is of about the same value as determined in stoichiomet-
ric NdaCuQOy.

Comparison of Figures 2 and 11 will convince one the
usefulness of the element-specific X-ray resonance mag-
netic scattering technique in investigating the magnetic
systems with several magnetic sublattices. The tempera-
ture variation of the intensity of %%1 reflection obtained
by X-ray resonance magnetic scattering at the Nd L1 edge
(Figs. 11 and 13) is due to the increase of Nd magnetic mo-
ment at lower temperature. The relative contribution of
magnetic moment of Cu to the intensity of this reflection
is negligible for X-ray energies close to the Nd Li; edge.
The monotonous increase in intensity with decrease of
temperature can be fitted by the square of the Brillouin
function. The intensity variation of %%1 reflection in neu-
tron diffraction is far more complicated because both Cu
and Nd magnetic moments contribute to the intensity of
this reflection. We have been able to disentangle the con-
tribution of Nd and Cu moments in this particular case
because of the known magnetic structures of the Cu and
Nd sublattices and also due to the fact that Cu magnetic
moment is fully saturated at low temperatures. In gen-
eral it is more difficult to analyze the magnetic structures
with several sublattices by neutron diffraction. The ele-
ment specific X-ray resonance magnetic scattering is very
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Fig. 12. (a) The variation of the intensity of (3, 1, 6) magnetic

reflection of Nds_,Ce,CuO4 with x = 0.15 as a function of
X-ray energy at T' = 4.35 K. (b) shows the variation of the
background or the fluorescence intensity which is proportional
to the absorption.

useful in determining the magnetic structures with several
magnetic sublattices. However, the best strategy in such
cases is to combine neutron and X-ray resonance magnetic
scattering techniques.

5 Discussion

The pure NdyCuOy4 and the doped Ndy_ . Ce,, CuQy, apart
from being interesting materials related to high-T,. super-
conductivity, represent a very interesting magnetic system
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Fig. 13. Temperature variation of the intensity of the
(%, %,6) reflection of Nds_,Ce,CuO4 with x = 0.15 at F =
6722 eV. The continuous curve is the result of least-squares fit
of the data to the square of the Brilliouin function.

with several magnetic sublattices. The undoped parent
compound together with the other members of the general
formula RoCuQO4 where R is a lanthanide, is described as
Mott-Hubbard insulators. They exhibit an antiferromag-
netic ordering below a Néel temperature Ty which ranges
between 240 and 320 K. There exist three magnetic sublat-
tices: the Cu and the Nd electronic magnetic sublattices
and the Nd nuclear magnetic sublattice. There also ex-
ist several energy scales involving these sublattices. (1) A
very strong in plane Cu-Cu exchange interaction, which is
actually due to the Cu-O-Cu superexchange interaction.
This interaction has been determined by inelastic neutron
scattering investigations of the spin wave dispersion be-
low Ty and has been found to be 15543 meV [15]. A very
small interplanar Cu-Cu interaction leads to the three di-
mensional magnetic ordering of the Cu magnetic moments
at Ty ~ 240 K. The strong Cu-Cu interaction leads to
two-dimensional correlation in the Cu-O plane which is
observed in the neutron scattering experiments as rods of
diffuse scattering at temperatures as high as 500 K. The
width of this rod is a direct measure of the inverse correla-
tion length. In the temperature range Ty < T < 500 K the
system behaves as a 2D S = % quantum Heisenberg an-
tiferromagnet. Analytical results are not yet available for
this model, but approximate theoretical methods and sim-
ulations have been employed to calculate spin-spin corre-
lation length as function of temperature [16]. The 2D spin
correlations within the CuO layer develop progressively
with decreasing temperature. A crossover to 3D behavior
takes place when the interplanar coupling between the cor-
related regions become of the order of kT. (2) We consider
next the Nd-Cu interaction. The dominant Nd-Cu are
those between nearest neighboring Nd and Cu planes. The
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interaction cannot be the usual isotropic exchange inter-
action, because in that case the exchange field on a Nd ion
when summed over the neighboring Cu ions would vanish.
It is therefore necessary to introduce a pseudodipolar in-
teraction which results from the anisotropic component of
the Nd-Cu exchange interaction [17]. This interaction pro-
duces a staggered magnetic field of about 0.5 meV at the
Nd ion in undoped NdyCuOy. (3) The Nd-Nd interaction
causes Nd spin wave dispersion and have been determined
by inelastic neutron scattering. These interactions lie in
the range from 4 peV to 33 peV [11]. (4) Finally the hy-
perfine induced polarization of the '#3Nd and '#°Nd iso-
topes with nuclear spin I = 7/2 is to be considered at
millikelvin temperatures [9,18,19].

The magnetic ordering, non-collinear spin structure,
spin reorientation phase transitions and other low tem-
perature magnetic properties of pure Ndo,CuQO4 can be
understood by invoking the four types of magnetic in-
teractions described above. Most of the magnetic prop-
erties of NdoCuQOy4 are mainly due to the coupling be-
tween the Cu and the Nd subsystem which exhibits a large
single ion anisotropy. According to Sachidanadandam
et al. [17] this anisotropy together with a pseudodipolar
interaction arising from the anisotropy of the Nd-Cu ex-
change stabilizes the magnetic structure. The spin re-
orientation transitions in Nd2CuO,4 have been explained
by Sachidanadandam et al. [17] in terms of a competi-
tion between the various interplanar interactions which
arise because of the rapid temperature dependence of
the Nd moment below about 100 K. Below about 10 K
Nd-Nd interactions become increasingly important and
must be invoked to explain Nd spin waves. Below
about 1 K the hyperfine interaction [9,18,19] between the
Nd electronic and nuclear moments become important and
should be considered for understanding magnetic proper-
ties of NdoCuQy4 in millikelvin temperatures.

Our experimental results on Nds_, Ce, CuO4 suggests
that on doping with Ce, although the the magnetic prop-
erties of the Cu subsystem changes drastically, Nd sub-
system is not very sensitive. The Néel temperature or
the Cu ordering temperature of Nds_,Ce, CuO,4 decreases
continuously with doping. For x = 0.18 the Cu subsys-
tem does not show any long range order but the Nd sub-
lattice becomes ordered at low temperature as is clearly
seen by the temperature variation of the (%, %, 1) reflec-
tion. The temperature dependence of the intensity of the
(%, %, 1) reflection of Nds_,Ce,CuOy4 for z = 0.18 has a
shape which indicates induced ordering. But induced or-
dering of Nd sublattice is not possible when the Cu sub-
lattice is not ordered. This apparent contradiction can
be resolved by assuming that some sort of Cu magnetic
order still persists for x = 0.18. We failed to detect
magnetic ordering of Ndy_,Ce,CuOy4 for x = 0.18, but
we cannot rule it out if the magnetic moment becomes
smaller than the limit of detection by neutron diffraction.
The detection of the Cu magnetic ordering can be dif-
ficult if the magnetic correlation length is substantially
reduced. The detection of Nd magnetic ordering is eas-
ier due to the larger magnetic moment involved. More
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systematic investigation of the influence of the Ce-doping
on the magnetic ordering of Nds_,Ce,CuO4 has been
done by Lynn and coworkers [4]. They have constructed
the (T, x) phase diagram of Nda_,Ce,CuQO, that shows
the regions of superconducting (SC), antiferromagnetic or-
der (AF) and paramagnetic (P) behaviour. The spin re-
orientation transition temperatures have been shown also.
Our results agree with these investigations. They have
found no magnetic long range ordering of the Cu sublattice
already for the superconducting Nds_,Ce;CuO4_, sam-
ple with « = 0.15. However, the Nd sublattice orders at
a well-defined Ty ~ 1.2 K. In Ce-doped superconduct-
ing samples the Cu spin system is not magnetically or-
dered, and there is no average staggered field at the Nd
site to induce Nd spins to order at higher temperature.
Hence the magnetic ordering of Nd moments is sponta-
neous. However, this superconducting sample was reduced
in oxygen and differs from that of our Ndy_,Ce,CuQOy
with « = 0.15. Lynn and coworkers [4] concluded that
there exist no long-range magnetic ordering of either Cu
or Nd for Nd,_,Ce,CuO4 samples with x > 0.17. We
admit that we have not done any extensive investigation
of the magnetic ordering for the Nds_,Ce,CuQO,4 sample
with z = 0.18. The intensity of the magnetic reflections for
the sample with x = 0.18 was very small and limited neu-
tron beam time did not allow us extensive investigation of
this sample.

The spin reorientation transitions persist in
Nds_,Ce,CuO4 for z < 0.15. But on doping the
spin reorientation transitions are not any more sharp
phase transitions, but are broad. The Nd ordering is
more or less unaffected on doping. The hyperfine-induced
nuclear polarization is also insensitive to doping with Ce.

Thalmeier [20] has explained theoretically the field-
induced non-collinear to collinear phase transition in
NdyCuOy4 at H. = 0.75 tesla. He has described this
transition within an exchange model for the Cu and
Nd moments. The exchange model has been determined by
zero-field inelastic neutron scattering investigations [11].
The critical field is temperature dependent as is shown
in Figure 9. The phase transition takes place at all tem-
peratures below Tn and in all three magnetic phases I,
II and IIT of NdyCuOy4. The critical field H. which is
0.75 tesla at 50 mK increases at first with increasing
temperature, has a maximum of about H., ~ 2 tesla
at T = 25 K. H. is then reduced with temperature
and becomes about H, ~ 1.2 tesla at T' = 120 K. Ac-
cording to Thalmeier [20] the phase transition is caused
by the Cu-Cu exchange anisotropy. At higher temper-
atures at which there is no ordered Nd moment, only
the Cu moments turn and tilt. At lower temperatures,
due to the considerable Cu-Nd exchange field of the or-
der of 0.5 meV, Nd sublattice co-rotate with the Cu mo-
ments in the field. Temperature dependence of the critical
field H. is perhaps a result of the competition between the
strengths of the above mentioned interactions which are
sensitive functions of temperature. Below about 400 mK
the polarized Nd nuclear sublattice also co-rotate with the
Cu and Nd electronic sublattice with magnetic field ap-
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plied along [1,—1,0] to produce a field-induced double-k
to single-k or non-collinear to collinear phase transition.
Since the Cu-Nd exchange field reduces with Ce doping
the critical field H,. for this transition in Ce-doped sam-
ples is reduced.

6 Summary and conclusions

We have determined the magnetic ordering of Cu and
Nd electronic magnetic subsystems and also hyperfine
induced polarization of Nd nuclear magnetic moments
of Nd2CuO4 and Ndy_,Ce,CuO4 by neutron diffraction
and resonant X-ray magnetic scattering at zero applied
magnetic field in the temperature range from 250 K
down to about 33 mK and also their field dependence at
millikelvin temperatures up to 5 tesla. We have shown that
the increase of intensity of the superlattice reflections be-
low about 400 mK to be due to hyperfine induced polariza-
tion of the Nd nuclear magnetic moments. The electronic
magnetic ordering and the spin reorientation transition in
Nd;_,Ce,CuOy strongly depends on Ce doping whereas
the hyperfine coupling constant is nearly independent of
doping. The field-induced continuous double-k to single-k
transition from the non-collinear to the collinear magnetic
structure has been investigated. The critical field H. for
this transition depends strongly on both temperature and
doping with Ce.

In conclusion we have shown that most of the
low temperature magnetic properties of NdoCuO4 and
Nd;_,Ce,CuO,4 can be understood by invoking the four
types of interactions involving Cu-Cu, Cu-Nd, Nd-Nd and
hyperfine interaction between Nd electronic and nuclear
magnetic moments. We have established that (a) nu-
clear polarisation of the Nd nuclear moments play an
important role in determining the magnetic properties
of Nd3_,Ce,CuO4 at millikelvin temperatures and (b)
the magnetic field induced phase transition from the
non-collinear double-k to the single-k collinear struc-
ture takes place not only for the Cu and Nd sublattices
but also for the polarised nuclear magnetic structure at
millikelvin temperatures.

We thank Dr. P. Thalmeier, Dr. P.J. Brown for critical discus-
sions. The experiments at BENSC and HASYLAB were sup-
ported by the European Commission.
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