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Abstract

Single-crystal alloys of Ho
�
Tm

���
were grown using the molecular beam epitaxy technique. The components of the

magnetic moments along the c-direction and in the basal plane were obtained using neutron di!raction, and the magnetic
structures of this system have been determined. The results were compared with calculations based on a mean-"eld
model, and the theoretical predictions are in good agreement with the experimental results. The existence of the
penta-critical point at x

�
"0.325 and¹

�
"67.85K, which was also predicted by the mean-"eld model was con"rmed by

the experimental results. � 2001 Elsevier Science B.V. All rights reserved.
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Bulk Ho orders magnetically below¹
�
&132K and its

magnetic structure is a basal-plane helix, changing to
a cone phase on cooling below ¹

�
&22K [1]. In con-

trast, bulk Tm has a c-axis longitudinally modulated
magnetic structure below ¹

�
&58K [2]. In this work,

the temperature dependence of the magnetic moments in
the basal plane and along the c-axis of the HCP lattice
were obtained for the Ho

�
Tm

���
alloys, using neutron

di!raction. The results were compared with mean-"eld
calculations performed by Jensen, and the magnetic
phase diagram was determined.
The Ho

�
Tm

���
samples were grown by MBE with

&10 000As of thickness, following the technique de-
scribed in Ref. [3]. The neutron di!raction experiments
were similar to those described in Cowley et al. [4]. After
correcting the integrated intensities of the magnetic
re#ections for the instrumental resolution [5], the values
of �gJ

�
(q)�, �gJ

�
(q)� and �gJ

�
(0)� were obtained. The

transition temperatures between the magnetic phases

were labelled as ¹
��
, where A and B represent the

observed magnetic phases, which were cone (Co), basal-
plane helix (H), tilted helix (T), cycloid (C) and longitudi-
nally modulated (L). Details about the temperature de-
pendence of the wave vectors transfer, and the complete
work, will be presented in Ref. [6].
In the mean-"eld model [7], the magnetic structures

were calculated using the virtual crystal approximation,
and the exchange coupling constants between the di!er-
ent kinds of ions were constructed from a linear interpo-
lation between the constants in pure Ho, J

��
(ij), and

pure Tm, J
	�
(ij), scaled with the appropriate factors:
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where each of the indices A and B denotes either a Ho
or a Tm ion.
The crystal-"eld and the coupling parameters used in

the present calculations are given in Tables 1 and 2,
respectively. The parameters for Tm are those ob-
tained by McEwen et al. [8]. In the case of Ho [9], the
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Table 1
The crystal-"eld parameters used in the mean-"eld calculations
in units of meV

B�
�

B�



B�
�

B�


B


Ho 0.024 0.0 !9.56�10�� 9.21�10�

Tm !0.096 0.0 !9.2�10� 8.86�10��

Table 2
The inter-planar exchange coupling coe$cients given in units of
meV

J
�

J
�

J
�

J



J
�

J
�

J
�

J


Ho 0.263 0.100 0.010!0.029!0.005 0.008!0.004
Tm 0.098 0.057 !0.022!0.025!0.010!0.002 0.0

Fig. 1. The ordered magnetic moments for Ho
����

Tm
��
�

. The
open circles represent the basal-plane moment, the solid circles
the modulated c-axis moment and the open squares the fer-
romagnetic c-axis moment. The solid lines represent the results
of the model.

Fig. 2. The magnetic phase diagram of the Ho
�
Tm

���
alloys.

The closed circles show the transition temperatures observed
and the lines represent the model predictions. The dashed line
shows the result calculated with a small modi"cation of the
original model to account for the cone phase.

temperature dependence of the exchange parameters is
simpli"ed by using the parameters presented in Table 2.
Fig. 1 illustrates the temperature dependence of the

components, �gJ
�
(q)�, �gJ

�
(q)� and �gJ

�
(0)�, for the

x"0.75 alloy (g is the LandeH factor, and J
�
, J

�
is total

angular momentum in the basal plane and along the
c-direction, respectively). The lines represent the results
of the mean-"eld calculations and the points represent
the transition temperatures obtained from the experi-
ment. At the lowest temperature, �gJ

�
(0)� and �gJ

�
(q)�

are non-zero and the structure is a cone with an angle
of &263. At ¹

	��
"20K, �gJ

�
(q)�becomes non-zero,

while �gJ
�
(0)� is negligible because of a "rst-order

transition from the cone to a tilted-helix phase. Above
a higher temperature ¹

�	
35K, �gJ

�
(q)� is negligible

therefore, the structure is a basal plane helix. The
transition to a paramagnetic phase occurs at
¹

��
"110K.

The magnetic phase diagram for the Ho
�
Tm

���
alloys is illustrated in Fig. 2. For a pure "lm of Ho, the
cone phase is suppressed as shown in Refs. [3,10]. The
mean-"eld model predicts correctly the values of
¹

�	
, ¹

��
, ¹

��
and ¹

��
, for all compositions, and the

existence of the penta-critical point at x
�
"0.325 and

¹
�
"67.85K. However, for x"0.75, a slight modi"ca-

tion of the anisotropy terms in the model would be
necessary to account for the "rst-order transition from
the tilted helix to the cone phase (indicated by the dashed
line on Fig. 2). For x"0.42 and 0.55, the mean-"eld
model also predicts the presence of a cycloid phase. The
transitions from a cycloid to a tilted helix cannot be
observed directly, so there is more uncertainty about the
determination of this phase boundary. This is also valid
for the calculations, as the position of this phase line
depends sensitively on the values of the fourth and sixth
rank axial anisotropy parameters, which are also the
most uncertain ones. Experimentally, the ordered c-axis
moment behaves more like that obtained using a modi-
"ed model, which suppresses the transition to the cyc-
loidal phase, indicating that the most likely possibility is
that the structure stays in the tilted phase at all temper-
atures below ¹

�	
. The mean-"eld model predicts cor-

rectly the transition temperatures ¹
��
and ¹

��
, for the

x"0.30 and 0.15 alloys, and for x"0. Therefore, the
model is in good agreement with the experiment.
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