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FIG. 3. Conversion of the Ising axis from the a axis to the c
axis in DyCu2 at 4.2 K. An external magnetic fie)d is applied
along the e axis.
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up to 40 T. The recovery of the virgin state is obtained as
well by applying the field higher than 5 T along the e'
axis as is shown in [II) of Fig. 4. The e' axis, which is the
original a axis, shows a small magnetization below 5 T
where a sharp step magnetization appears and the de-
creasing field clearly shows the typical a-axis magnetiza-
tion refiecting the recovery of the virgin state.

The observed phenomenon may be called the conver-
sion of the Ising axis or more generally the conversion of
the magnetic axis. The results are explained by using the
first order phase transition model similar with the mar-
tensitic transition. A typical martensite (bcc)-austenite
(fcc) transition in iron and nickel alloys has been dis-
cussed by Patel and Cohen [9J with the free energy dia-
gram in Fig. 5. Let us start from the temperature A, on
the A line which gives the free energy of the austenite
state. The thermodynamical equilibrium with the mar-
tensite state given by the 8 line is achieved at To but no

FIG. 5. Schematic picture of the first order martensitic tran-
sition with thermal hysteresis.

Z. = —(g, /2) H,',
E, Eo —gJpgH, , (2)

transition occurs here because the driving energy 5 is
necessary to induce the transition so that the transition is
found at N, . The same energy is needed at A, . The
field-induced martensitic transition of various alloys are
systematically investigated by our group [10] and the
Patel-Cohen model has been satisfactorily confirmed. A
similar transition model is introduced to the present sys-
tem as is shown in Fig. 6. Two electronic states tv, and

y, are considered. tv, is the virgin state, that is the elec-
tronic state with the Ising axis along the a direction and

y, represents an excited state with the Ising axis along
the c direction The c.orresponding energies F., and F., in
the external magnetic field H, along the e axis are given
as

its/Dy atom

(&) ~c(co '(it)
Q

where Eo is the energy gap at H, 0 and g, is the mag-
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FIG. 4. Magnetization process after the conversion. [I]
shows the low field magnetization which shows the a and c axes
exchange. [II] shows the inverse conversion, that is the
recovery of the virgin state induced by a magnetic field along
the original a axis.
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FIG. 6. A cycle of the conversion in DyCu2 at 4.2 K.
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netic susceptibility along the c axis. The two step
metamagnetism is not necessary to consider here because
the conversion field is much higher than the metamagne-
tism critical field H, i and H, 2. Assuming that the driving

energy gap h, is obtained at the field H, ~, then the rela-
tion

A = —En+ gJpaH, ~

—(g, /2) H, ~
(3)

is obtained. The first stage of the conversion cycle start-
ing from y, is illustrated by the path, 1 2 3 in Fig. 6
and the y, state is obtained at zero magnetic field. Then
the field H, along the a(c') axis is applied. The energies
E, and E, are given by

E, = —gJpgH, ,

E, =E,—(g,/2)H.'. (5)

6 =Eo+ gJ pa H(z —(g, /2) Ht z (6)

is obtained. Eo and A are obtained from Eqs. (3) and (6)
as

Eo =gJpa(H, )
—H, 2)/2 g, (HP) —HP—p)/4,

d =gJpa(H(i+ H, 2)/2 g, (H, i+—H, 2)/4. (8)

Numerical values of these parameters are estimated by

using values of gJ=10, g, =0.35pq, H, ~
=13 T, and

H, 2 =5 T as E0=27pq =37 K and h, =55pg =74 K with

the temperature unit. The result of h, =100 K is con-
sistent with the fact that the recovery process occurs by

increasing temperature above 100 K.
To confirm the energy level scheme in Fig. 6, the mag-

netization has been measured after field cooling process
of 8 T along the e axis. According to the energy level

scheme, the y, state should be lower than the y, state at
8 T along the c axis, then the y, ground state could be

obtained even if the field is removed. After this pro-

cedure, the a'-magnetization curve, as is shown in Fig. 4,
has been observed along the c axis. This result implies

that the y, ground state is obtained by field-cooling pro-
cedure and supports the energy level scheme.

It is rather surprising that two metamagnetic critical
fields H, ~ and H, 2 in the ]4[1, and y, states are quite close
from each other. This means that the Ising characters
and various exchange interactions are very similar in both
states. The observed similarity strongly suggests that the
orthorhombic nature of the Dy spin may not be explained

The recovery transition to the i][f, state is assumed to
occur at H, 2 with the same energy gap h, . Then the rela-
t 1ofl

by the simple point charge crystalline field model but
rather by considering the interaction with conduction
electrons. Since there is no x-ray data for the y, -state
structure, it is dif%icult to infer that the same point charge
configuration exists in both states. The cubic field may
come from the surrounding atoms but the lo~er symme-

try may mainly come from the band Jahn-Teller eAect
which optimizes the conduction electron and localized
Dy-level energies. The observed similarity between the

y, and y, states is understandable if the latter mecha-
nism is dominant in DyCu2. It is noted that the band
Jahn-Teller eA'ect is also necessary to understand the high
field magnetization of DyAg [1 1] where the ising axes
along four equivalent [111] directions are converted to
one [I 1 1] direction parallel to the magnetic field without

large change in the magnetic interactions. In this case,
however, the hysteresis is very small and the converted
state is not obtained at zero magnetic field.

There are some difhculties to obtain the perfect conver-
sion cycle in DyCu2. The used crystals sometimes show

cracks after a conversion cycle because the conversion
might accompany considerable magnetostriction. X-ray
analysis and magnetostriction experiments are desirable.
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