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An investigation was made of the influence of pressure on the magnetoresistance of a dysprosium
single crystal in the temperature range 85—177°K. It was found that the pressure-induced shift of
the critical field depended strongly on the temperature. A thermodynamic analysis of the experi-
mental data for dysprosium showed that the increase in the critical field with increasing pressure,
observed in the range 110-140°K, could be explained by an enhancement of the exchange interac-
tion. A correlation was found between the values of dHer /dp and dHep /dT, as well as between the
magnetostriction and dHcr/dT. This correlation showed that the decrease in Her below 160°K,
which led to the transition of dysprosium to the ferromagnetic state, was due to an anomalous in-
crease in the lattice parameter c below the temperature of the transition from the paramagnetic

to the helicoidal antiferromagnetic state.

INV ESTIGATIONS of the influence of pressure on the
magnetic properties of rare-earth metals are of con-
siderable interest because the magnetoelastic energy
of these metals should play a far greater role in those
metals than it does in classical ferromagnets. This is
because of the very high value of the magnetostriction
of rare earths.!*™* Of particular interest is the influ-
ence of the magnetoelastic energy on the transition
from the helicoidal antiferromagnetic to the ferromag-
netic state, observed at a temperature @, in the ab-
sence of a magnetic field, and on the critical field Her,
which destroys the helicoidal magnetic structure and
induces ferromagnetic ordering. We shall concentrate
our attention on the temperature dependence of dHcp/dp
of a dysprosium single crystal throughout the range of
temperatures in which the helicoidal structure exists
in fields H < Hep. This approach eliminates the mag-
netic anisotropy effects and makes it possible to obtain
more information than that which could be deduced
from the available data on d®,/dp in weak fields,[?:%°
and on dHep/dp in polycrystalline samples.[®)

The critical field was determined by measuring the
magnetoresistance in fields up to 15 kOe at pressures
p =1 or 5000 atm. Hydrostatic pressure was estab-
lished using the method described by Balla and
Brandt.!”) A dysprosium single crystal, measuring
0.9 X 0.5 X 2.5 mm, was placed in a nonmagnetic beryl-
lium-bronze bomb. The long axis of the sample, along
which the magnetic field was applied, coincided with
one of the crystallographic directions lying in the basal
plane. The pressure was transmitted by a mixture of
kerosene and transformer oil. The electrical resist-
ance and the magnetoresistance were determined by
the potentiometric method. The pressure was meas-
ured with a Manganin manometer.

It is evident from Figs. 1 and 2 that the negative
magnetoresistance increases rapidly from a certain
critical value of the magnetic field Her. The corre-
sponding decrease in the resistance caused by the ap-
plication of the field is due to the transition, at
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FIG. 1. Longitudinal magnetoresistance of a dysprosium single cry-
stal along a direction lying in the basal plane, recorded at 100°K at
pressures of 1 atm (open circles) and 5000 atm (black dots).

FIG. 2. Longitudinal magnetoresistance of a dysprosium single cry-
stal along a direction lying in the basal plane, recorded at 115°K at
pressures of 1 atm (open circles) and 5000 atm (black dots).

H = H¢yp, from the helicoidal to the ferromagnetic
state, in which conduction electrons are scattered less
strongly by magnetic inhomogeneities. The application
of a hydrostatic pressure of 5000 atm shifts the steep
part of the curve parallel to itself in the direction of
stronger magnetic fields; the shift is 1500 Oe at 100°K
and 5000 Oe at 115°K. This means that H¢p increases
by the same amount. Figure 3 shows the temperature
dependence of dHcy/dp. Near the temperature @,

= 177°K, corresponding to the transition from the para-
magnetic to the helicoidal antiferromagnetic state, the
effect of pressure is small but it increases at lower
temperatures, reaching a maximum at 120°K; then it
decreases again on approach to @, = 85°K.

According to our experimental results and those
published previously,!?! the critical field Hpy, whose
value is governed by the exchange interaction between
layers, decreases very strongly from 10.5 kOe to zero
when the temperature is reduced from 160 to 85°K.
Below @,, dysprosium exhibits also a strong increase
in the lattice parameter c, which represents the dis-
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tance between the magnetic layers in the helicoidal
structure.!*] This suggests that the strong temperature
dependence of the critical field (and of the helicoid
angle) is due to the strong dependence of the energy of
the exchange interaction between these layers on the
interlayer distance, which increases anomalously be-
low @,. There should be a correlation between the
values of dH¢p/dp and dHcp/dT, since in the first
case, Her increases because of the decrease in c
under pressure; and in the second case, Hey increases
because of the decrease in ¢ due to the heating in the
interval @; — ©,.

We shall investigate the pressure and the tempera-
ture dependences of the critical field and establish a
relationship between dHcr/dp and dHey/dT by con-
sidering the thermodynamic potential terms which de-
pend on the deformation along the ¢ axis. Following
the theory given in[a’”, we shall assume that the heli-
coidal structure is due to the exchange interaction.

We thus find that the thermodynamic potential contains
the following terms: the free energy of the exchange
interaction; the magnetoelastic component of the ex-
change interaction energy, which takes account of the
strong dependence of this energy on the parameter c;
the elastic energy; the component of the free energy
due to the change in the entropy as a result of the
thermal expansion; and the work done by the external
magnetic field and by the stress along the ¢ axis (p¢):

O = @ + Fexe (1, 0, T) —y(0) 1
+ '.EAE — TEadh. + pohe — IH. 1)

Here, Ig is the saturation magnetization; w is the
angle between the magnetic moments of the neighboring
layers for Ac =0; y(w) is the magnetoelastic constant
of the exchange interaction between the layers; ic¢

= (¢ = co)/co is the relative deformation along the c
axis (c, is the value of the lattice parameter c at 0°K
in the absence of any influence of the exchange forces
and external stresses); E is Young’s modulus; ac is
the thermal expansion coefficient along the c axis at

T > ©,.

The use of a thermodynamic potential which allows
only for the dominant deformation along the helicoid
axis (the c axis) has been justified for dysprosium in
connection with the magnetostriction,m the tempera-
ture dependence of the helicoid angle,?’®) and the
thermal expansion.[*!) In contrast to these investiga-
tions, we shall include the external magnetic field en-
ergy in the calculations of dH¢eyp/dp and dHcp/dT but
we shall not specify the dependences of the exchange
parameters and of the magnetoelastic constant y on

the angle w in order to make our results more
generally applicable.

The condition for a minimum of the thermodynamic
potential (1), given by 8®&/3x, =0, yields the relative
elongation along the c axis:

182 <
Zc=v(m)T+Ttx¢——%—. (2)

Hence, we can find the magnetostriction Ax; due to
the transition at H = Her from the helicoidal to the
ferromagnetic state:

12
=2 3
Me="Av(0), (3)

where Ay(w) is the change in the magnetoelastic con-
stant at this transition. The helicoidal structure
parameter w changes discontinuously at H = H¢p and,
therefore, we may assume that the phase transition
considered is of the first kind. The thermodynamics of
phase transitions of the first kind predicts that
dHcr/dp = AV/AIL. Using the experimental observation
that dysprosium is characterized by AV = Axc,!®! we
find the quantity of interest to us:

i, I

o= TAr MV “4)

Substituting Eq. (2) in Eq. (1), we obtain the thermo-

dynamic potential in the form

(D=‘D°+Fexc(lh , T)'—I/ZEAcz_IHy (5)

where A, is given by Eq. (2). Equation (5) can be used
to calculate the change in H¢y due to cooling. This
change is the consequence of the temperature depend-
ence of the magnetoelastic energy and is given by:

2
wdHc‘zA(g(_’l) 4 z_a_A(EM )_1 ——A (xc_a}‘_° )_1,
dT oT /Al orT 2 AT oT /7 Al
(6)

We shall now find whether the temperature depend-
ence of the critical field of dysprosium can be ex-
plained by the magnetoelastic energy of the exchange
interaction between layers. We shall estimate
dHer /dT using the known values of the magnetostric-
tion!*?! and of the thermal expansion coefficients:[3*]
rec =8.9X 1073, ape =6.3%X107°, A = 7.1 X 1073,
aic =3.5%107°, Al =1.97 x 10° G.!*! Here, and later,
we shall use the subscript 1 for the phase with the
helicoidal structure and subscript 2 for the ferromag-
netic phase. Substituting these experimental values in
Eq. (6), we find that dHer /dT = 1.2 x 10 Oe/deg, which
is close to the value of dHcr/dT =1.5 X 10% Oe/deg
found by us for dysprosium in the range 110—140°K,
and also found in other investigations.m

This result shows that the decrease in Hey of
dysprosium due to its cooling in the ®, — @, range can
be explained as follows. According to the experimental
results,[?*) cooling below ©, increases the spontane-
ous deformation of the lattice A, and ).c, and in-
creases the magnetostriction A)xe; which accompanies
the destruction of the helicoidal order in a field
H = Her. The discontinuity in the magnetoelastic en-
ergy of the exchange interaction, observed at H = He¢p,

AE me = 1/z (E7\42c2 - E}ucz)

increases when the temperature is lowered and this
reduces the energy barrier separating the helicoidal
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and ferromagnetic structures so that the value of H¢p
decreases at the rate given by Eq. (6).. Other mecha-
nisms have less effect on the temperature dependence
of Hep inthe @, — @; range, with the exception of the
temperatures close to @, and @,.

Using Aze = Aic + Ade and Eq. (4), we obtain a
formula relating dHcy/dp and dHer /dT:

dHcr~ 1 dHér__(l_lc_( 1— alc). (7)

Q2e

dp azE dT Al

We shall now substitute in Eq. (7) the published experi-
mental values: E = 7.5 x 10** dyn/ecm?,[?! a,c = 6.3

X 107% ayc =3.5x 107, 279 AT =1,97x 10° G at
130°K.[®) We shall also substitute dHcy/dT =1.5

x 10% Oe/deg, the value obtained by us for dysprosium
in the range 110-140°K. These substitutions give
dHcep/dp = 1.6 Oe/atm. This estimate is in order-of-
magnitude agreement with the experimental data on the
pressure-induced shift of the critical field in the tem-
perature range 110-140°K. The influence of the mag-
netic anisotropy in the basal plane on the value of Hgy
becomes appreciable below 110°K. At these tempera-
tures, the application of a pressure increases the
anisotropy constant and, therefore, dHcr/dp decreases.
Above 140°K, the effects of the change in the saturation
magnetization due to heating and due to the pressure-
induced shift of ® become appreciable. These effects
are ignored in Eq. (7).

Thus, our thermodynamic analysis of the experi-
mental data for dysprosium gives the following informa-
tion, First, the increase in the critical field with in-
creasing pressure can be explained, except at tempera-
tures close to @, and @, by a strong enhancement of
the exchange interaction between layers, which occurs
when the distance between them is reduced. Secondly,
the observed correlation between the values of dHcr/dp
and dHer/dT, as well as that between the magneto-
striction and dHcp/dT, shows that the strong tempera-
ture dependence of the critical field and the consequent
strong temperature dependence of the helicoidal struc-
ture periods associated with H¢yp, can all be explained
by the dependences of Hey and w on the lattice
parameter c, which increases anomalously below ®..

According to the theory due to Dzyaloshinskif,[m the
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transition from helicoidal antiferromagnetism to ferro-
magnetism at @, is due to the temperature dependence
of the exchange parameters. QOur results are in agree-
ment with this theory' and they show that the temper-
ature dependence of the parameters of the exchange
interaction between layers, which governs the value
of Her, can be explained by the dependence of these
parameters on ¢, which increases rapidly below @,
The strong reduction in H¢p caused by cooling below
160°K results finally in the destruction of the helicoidal
structure and the establishment of the ferromagnetic
order.

The authors are grateful to Professor K. P. Below
for suggesting this problem and for his interest in this
investigation.
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