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The magnetization of erbium has been measured in the basal plane, along the b axis, in fields ~300 Oe
and over the temperature range 4.2 to 64 K. In the range 4.2 to 35 K, a magnetization discontinuity
~0.82 pp per atom is detected at a field =270 kOe; thereafter, saturation sets in. In the temperature
range in which a discontinuity occurs, the temperature dependence of the critical fields is obtained from
measurements of the differential susceptibility. It is shown that the low-temperature anomalies of the

magnetization of erbium in the basal plane and along the hexagonal axis ¢ can be explained in the

anisotropic molecular field (AMF) approximation.

PACS numbers: 75.30.Cr

INTRODUCTION

A considerable amount of work has been devoted to
investigation of the anisotropy of heavy rare-earth me-
tals (HREM). But there is not yet any diminution of
interest in this problem, since there are a number of
phenomena in HREM that still await explanation. One
of the important problems is overcoming the anisotropy
field, which in HREM reaches values of order of mag-
nitude H,>500 kOe.!’ The obtaining of such fields en-
tails considerable difficulty. Still more complicated
is the problem involved in measurements of the mag-
netic characteristics in such magnetic fields.

In certain HREM the anisotropy field may be smaller.
As has been shown by investigations of the magnetiza-
tion of Er,Gd, _, alloys,? the anisotropy fields in Er,
obtained by extrapolation of the magnetization curves
into the high-field region, have a value H, <400 kOe.

In the same paper, for the alloy with 20% erbium con-
tent, it was shown that saturation along the hard direc-
tion is attained at a field H~ 50 kOe, and that there is
an anomaly on the magnetization curve: saturation is
attained jumpwise. Consequently it might be possible
to try to obtain saturation of pure erbium by assuming
a similar behavior of the magnetization curve in fields
appreciably lower than 400 kOe. Saturation by discon-
tinuity along the hard direction in erbium also follows
from a calculation in the anisotropic molecular field
(AMF) model, given below, with H, <300 kQe.
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The present paper gives the results of measurements
of the magnetization and of the differential suscepti-
bility of a single crystal of erbium in the basal plane,
along the b axis, in strong fields, reaching 340 kOe,
over the temperature range 4.2 to 64 K. A jump of the
magnetization to saturation was observed at a field
~ 300 kOe over the temperature range 4.2 to 35 K. On
the basis of the AMF approximation, a quantitative
explanation is given of the characteristics of the mag-
netization in the basal plane, and also along the ¢ axis;
the latter were measured earlier® by some of the au-
thors of this article.

SPECIMENS; EXPERIMENTAL TECHNIQUE

The single crystals of erbium were grown by the me-
thod of crucibleless zone melting with induction heating,
in an atmosphere of gaseous helium, attheA. A. Baikov
Institute of Metallurgy. The composition and homogene-
ity of the specimens were determined by the method of
atomic-absorption analysis. The specimens for mag-
netization measurements were cut from bulk single
crystals in the form of bars of dimensions 10X 1.4
X2 mm and 5X 1 X1 mm by the electric-spark method
and were oriented on a diffractometer by the method
of inverse Laue mapping, along various crystallogra-
phic directions. The accuracy of the orientation in the
experimental apparatus was 2 to 3°. The magnetiza-
tion measurements were made by the induction method®
in pulsed magnetic fields up to 340 kOe, with pulse
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duration 0.01 sec, over the temperature range 4.2 to
64 K. The error in the measurement of the magnetiza-
tion in the pulsed field was 7 to 10%; 3 to 5% of this

is attributable to systematic error.

The absolute value of the magnetization of a single
crystal of erbium in the basal plane, along the b axis,
was measured over the interval 4.2 to 64 K on a vibra-
tion magnetometer, with a superconducting solenoid,
in a field up to 65 kOe. The error in the measurement
of the magnetization did not exceed 3%. The calibra-
tion of the field of the pulse solenoid was done with a
test coil and according to reference points at the known
and constant fields of the transitions in erbium at 4.2
and 78 K. The error in the measurement of the field,
and also of the critical fields in the phase-transition
region, did not exceed 3%. After each measurement
cycle in fields H>300 kOe, the crystal structure of the
specimen was checked.

EXPERIMENTAL RESULTS

Figure 1 shows the experimental variations of the
magnetization, along the b axis, of a hexagonal erbium
single crystal, with change of the applied magnetic field,
at various temperatures. On the magnetization curve at
4.2 K there is observed at field H=17 kOe, a jump of
the magnetization caused by “collapse” of the helicoi--
dal magnetic structure formed by the projections of
the magnetic moments on the basal plane. The final
destruction of the helicoidal structure occurs at
H=21kOe; there the magnetization is 4.2 ug, which
corresponds to an angle of departure of the magnetic
moment from the axis 6,=27.4°2’ In the region of the
jump, there is observed in weak magnetic fields a hys-
teresis in the direct and reverse traversals of the mag-
netization curve. On further increase of the field, up
to H=270 kOe, a slow increase of the magnetization in
the basal plane is observed. In the field interval 100 to
272 kOe, the change of magnetization is insignificant,
At H=272 kOe, an anomaly is observed in the behavior
of the magnetization curve: the magnetization increases
by the amount AN =0,82 ug, and the curve goes to satu-
ration with a value M =9,12 uzper atom. This value
is somewhat lower than the magnetization value obtained
from measurements along the ¢ axis (the easy axis) in
fields up to 150 kOe,® and also somewhat larger than
the theoretical value calculated from the formula M

TS TN S W S T B T I
0 20 40 60 80 HkOe
Il 1 L I 1 -l I
0 100 200 300 #, kOe
FIG. 1. Dependence of magnetization on magnetic field along

the b axis (Curves 1, 2, 3,4, 5 correspond to T=4.2, 22, 33, 43,
64 K).
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FIG. 2. Temperature dependence of critical field. Upper curve,
on increase of field; lower, on decrease.

=gJug on the assumption of complete parallel orienta-
tion of the spins of the 4f electrons of the trivalent
erbium ion. It is also somewhat higher than the value
obtained from neutron-diffraction measurements.®

With increase of temperature, the magnetization
jumps become smoother, and their amount diminishes.
As in the case of magnetization along the hexagonal
axis, the magnetization jumps occur with hysteresis,
which diminishes with rise of temperature. At tempera-
ture 35 K, the jump disappears, and at our accuracy
of measurement no anomaly of the magnetization is
observed.*’

In the region of magnetization jumps, over the whole
temperature interval investigated, curves of the dif-
ferential susceptibility were taken; this makes it pos-
sible to increase the accuracy in the measurement of
the critical fields H,,. Figure 2 shows the temperature
variations of the critical fields, obtained from measure-
ments of the differential susceptibility, on increase and
on decrease of the field. Within the temperature inter-
val 4.2 K s T <18 K, the value of H,, is practically in-
dependent of temperature; within the temperature in-
terval 20 K< T< 35 K, the critical field increases,
and the hysteresis diminishes.

In contrast to the magnetization curves taken for
H H ¢, ° the differential susceptibility for magnetization
along the b axis does not have as sharp a maximum in
the region of the anomaly. This difference is due to
the smoother behavior of the magnetization curve in the
region of the jump.

Figure 3 shows the temperature dependence of the
derivative of the magnetization at H = H., plotted from
the inverse behavior of the differential-susceptibility
curve. It is seen that the M /3H dependence changes
little with temperature up to 7=18 K and departs from
linearity in the interval 20 K<T<35 K.

gﬂ{ill}”ﬂ, rel. un.

J 7 20 E/4
7K

FIG. 3. Temperature dependence of the derivative of the mag-
netization with respect to the field.
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Our experimental data on magnetization of Er along
the b axis for H <60 kOe agree well with the data of
Ref. 7, obtained from measurements of the magnetiza-
tion in constant fields of the same magnitude.

DISCUSSION OF RESULTS

Erbium may be assigned to the class of strongly ani-
sotropic ferromagnets. The effect of the anisotropy
changes the Curie temperature from the usual value
T9=(g = 1)2I,J(J +1)/3k to T, =1.33 T2; that is, the
anisotropy energy amounts to approximately 30% of
the exchange energy.? We shall carry out an analysis
of the dependence of the orientation of the magnetic
moment on the value of the external field by two meth-
ods: a phenomenological, and a microscopic, with use
of the AMF approximation. In the first case, the free
energy is written in the form

F=E,’P;"(cos 8) +K'P,"(cos 8) +K,"P,’ (cos 8) —MH cos ¢, (1)

where K9 are macroscopic anisotropy constants,
P)(cos ) is a Legendre polynomial, M is the magneti-
zation, and 6 and ¢’ are the angles between M and ¢
and between M and H, respectively. The parameters
K3, K3, and K3 can be determined from three experi-
mental quantities: the critical field H,,, the amplitude
of the magnetization jump, and the orientation of the
magnetic moment in zero field. At 4.2 K, this gives
K2=-5.66-10"'5, K3=2,095-10""%, K3=0,783-107°
erg/atom. We note that these values are close to data
given by other authors!! (see Table I).

Further,supposing that M = gJii; (the maximum value),
we carried out a calculation of the angle 6 correspond-
ing to the minimum of F as the field, oriented along the
b axis, varied up to 340 kOe. The theoretical curve
calculated by formula (1) is shown in Fig. 4. At H=0
it goes through the value M=4.2 uy corresponding to
complete destruction of the helicoidal structure. As is
seen from Fig. 4, the calculated curve qualitatively
reproduce the experimental. The difference in the
absolute value of the amount of magnetization in weak
fields is due to the fact that in the theoretical calcula-
tion, the effect of the helicoidal structure on the magne-
tization was disregarded. But in the region of the jump,
both curves coincide, and the amplitude of the jump is
0.82 pg. A calculation with the constants K9 from Ref.
11 gave a significant difference from experiment. We
note here that the K? assumed by us coincided exactly
with the K2 from Ref. 2 (29.3 and 29 cm™, respective-
ly).

The phenomenological approach developed above, des-
pite its simplicity, has definite limitations. The expan-
sion (1) is valid if the anisotropy energy is much smal-
ler than the exchange-interaction energy, a condition

TABLE I. Anisotropy constants in erbium.

K010, Ko-101, K010,
er‘g/atom erg/atom erg/atom Note
-5.660 2.095 0.783 Our data, Eq. (1)
~4.985 0.596 0.596 Ref. 11

~3.449 —0.500 1.000 Ref. 11

—6.39 1.45 1.6 Our data, AMF
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FIG. 4. Experimental (1) and theoretical (2—6) variations of

magnetization with magnetic field along the hard direction (the
axis b). Curve 2 was calculated by formula (1) with our data;
3 and 4 by (1) with the parameters K‘,’ from Ref. 11; 5 and 6 in
the AMF approximation at 4.2 and 64 K, respectively.

that is not satisfied with sufficient accuracy for Er.
Furthermore, this approach does not explain the mag-
netization jumps along the ¢ axis found in the earlier
paper® and does not give the spectrum of the system.

It is also necessary to take into account that the expan-
sion in Legendre polynomials P{ may contain terms
with I >6. We shall therefore carry out an analysis of
our results on the basis of the AMF approximation de-
veloped in Refs. 3 and 4. The statement of the problem
consists of the following.

Starting from the Hamiltonian

=Y 1B8)+ Y 4 2@ (r)+ Y, gusHl,

1>f ikl Jumi 1

where we have taken into account the exchange, aniso-
tropy, and Zeeman energies, we transform to a sin-
gle-ion operator in the first term and, using equivalent
operators, write A in the form

A=—1J(g—1)%(J. cos 0+, sin 0)+"/,04,°0,"
+/:BA00.°4+/ yAOL+gupHY . (2)

In (2), I,=2,I;;, 0=J/J is the reduced magnetization,
a, B, and v are Stevens parameters, and 0‘,’ are opera-
tors tabulated, for example, in Ref. 12. The set of
parameters was determined in Ref. 3 for all HREM:
I,=43.05 cm™!, AJ=-240 cm™, A2=94 cm™, A

=133 cm™'. A characteristic feature of the anisotropy
field for these parameters in Er is the inverse arrange-
ment of the components of the multiplet J=15/2: the
ground state is the doublet with m=+13/2, whereas the
doublet with m=+15/2 is an excited state. The molecu-
lar field parallel to the z axis, H||“~IJo cos 6, tends
to bring the components with 7 =-13/2 and with m
=-15/2 closer together, while H, ¥ ~I,Jo sin 6, on the
contrary, separates the levels and “mixes” the states.
In Ref. 5, a jump of amount M =gJo ugcos 0 in field
110-120 kOe, parallel to the ¢ axis (the z axis), was
interpreted as an intersection of the levels with
m==-13/2 and —15/2 This fact led us to a need to
change the parameters AJ and Ag somewhat, to values
80 and 69 cm ™! respectively.®’ Then AE =E(15/2)

- E(13/2) =19.5 cm™ only because of anisotropy. Ina
magnetic field, with allowance for the fact that H*=0
(the moment is oriented along the field), AE decreases
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by the amount
1J(g—1)*+gupH, (3)
which gives, at field 120 kOe, 19.5 cm™.,

Thus we shall hereafter use this set of microscopic
parameters. The relation between A9 and K9 in the
presence of weak anisotropy, and with allowance for
the fact that the ground level corresponds to 7 =j, has
the form?

Ka°'='/za(”/g|03°| 15/,54,°, K‘o=‘/xﬂ(”/zIO&olﬂ/z)Ato,
K,°=‘/“’{(”'/z|0.°|’5/5)A.“

(4)

and gives K3=-6.,39-107"%, K§=1.45-10""°, K2=1.6-10"%
erg/atom. It is seen that they coincide in sign and or-
der of magnitude and approximately in value with the
parameters K9 used by us in equation (1). Complete
coincidence is not to be expected, since ours is the
case of strong anisotropy, the ground state is a super-
position of projections with m=-15/2 and -13/2, and
higher harmonics were not taken into account in (1).
The description in the AMF approximation is in this
sense more complete.

Because the Hamiltonian (2) contains the quantities
o and 6, in order to determine them and the spectrum
of the system it is necessary to seek the minimum of
the energy (2) on functions of the multiplet with J=15/2,
In contrast to the isotropic case, in which min F leads
to a molecular-field equation, in our case it is neces-
sary to seek a minimum with respect to two parameters
o and 6, and this leads to solution of two coupled equa-
tions: the molecular-field equation

Sp{(/.sin 8+/. cos 6—Jo)exp(—A/kT)} =0 (5)

and the equilibrium-orientation equation

5 (L (- 45} -0 ®

Joint solution of equations (2), (5), and (6) constitutes
the AMF approximation and gives, for Er at H=0 and
T =4.2 X, 6=28° For H||x (b), calculation gives a
linear increase of 9 to 49° up to field 240 kOe at 4.2 K,
after which there occurs a sharp increase of it to 90°
within the interval 240-250 kOe. During this, the mag-
netization changes discontinously from 6.79 uz to 9ug.
Thus this is a phase transition of the first kind, of the
spin-reorientation type.

Figure 4 gives a comparison of the theoretical results
with experiment. The quantitative agreement, it is
evident, is somewhat worse than in the calculation by
formula (1). This may be due to the fact that the cal-
culation was done in an isothermal version, whereas
under the conditions of strong pulsed fields the process
is adiabatic, and this leads to an increase of tempera-
ture. Increase of temperature decreases the amount
of the jump, which brings the theoretical results closer
to the measured. Calculation for T=64 K up to H~ 300
kOe gives a linear increase of M(H) without a jump, as
is observed in the experiment (Fig. 4).

We shall at the same time consider what the AMF
gives by way of explanation of the jumps of magnetiza-
tion along the ¢ axis (H||z). As has been shown, in this
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case the levels - 13/2 and - 15/2 intersect for =0
and H =120 kOe. But this version does not correspond
to the minimum of F; that is, it is more advantageous
when H.” #0 and the levels “interact” because of the
nondiagonal elements {m|J,|m’). Solution of the AMF
equations for T=4.2 K and H||z gives 6=22° at H

~ 110-120 kOe. The fact that the magnetic moment de-
viates form the z axis in the region of intersection of
the levels, in the presence of weak exchange, was pre-
dicted in Ref. 13 and corresponds to reasoning'* about
the magnetic analog of the Jahn-Teller effect: the sys-
tem tends to lift the accidental degeneracy by a change
of the magnetic symmetry. But in this the jump of
magnetization that is observed in the experiment should
not occur. To explain it, we must take account of mag-
netostriction. Then inversion of the levels may result
from even an insignificant change of the crystal-field
parameters, because of magnetoelastic interaction,
near Hy,: and with further increase of field, orienta-
tion of the moment along the field, i.e. §=0, will be
advantageous.

We shall consider this process qualitatively. Let the
two levels m, ==J +1 and m, =-J have energies &, =0
and &,=a (a>0) in the anisotropy field. They are acted-
upon by an external field 2, A%, ==/(J-1) and A&,
=—hJ, and by exchange interaction, H,, =J, sin 6+J,
cos 0; that is, the matrix of the interaction has the
form

(a—h—cose dsin 0)
dsin@ 0
From this matrix it is evident that #;,,=a =1 and that
the minimum of the energy (T =0) is

min &,="/,(a—h—cos ) —*/[ (a—h—cos 0) *+4d?sin* 0]*, (7

that is, when k2 =hy,, min €, occurs at 6=7/2. It is
easy to show that if the value of a has decreased to

a - e in the hy, region, the minimum of the energy cor-
responds to 6=0 if e>d?, Physically this follows from
the fact that here the level m=-J becomes the lower
one, and both components of the molecular field, H||¥
and HY, tend to separate the levels; H|¥ ~J, cos 6
gives a larger shift than H ~J, sin 6 (the second order
of perturbation theory), and therfore the angle 6=0 is
more advantageous.

M, g aot

o

l[g af 1 ! 1 Nl |
4
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FIG. 5. Variation of magnetization with field along the ¢ axis.
The solid curves were calculated in the AMF model with allow-
ance for the adiabaticity of the process and for magnetostric-
tion (1, 2, and 3 correspond to T=4.2, 20, and 40 K). The ex-
perimental® points O, a, ® correspond to T=4.2,20,40 K. The
calculation took into account the contribution of the magnetiza-
tion of the conduction electrons, M, =0.07 M;,.
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We carried out the following numerical experiment.
At field H=115 kOe, we “switched” into the matrix of
the AMF equations the magnetostriction, which shifted
the level m=-15/2 (the excited level) downward by a
distance equal to 3 a (a is the energy gap, which is min-
imal in this case and equal to 0.5 cm~!), Thereupon
6 changed from 12 to 0°. Further increase of the field
corresponded to splitting of the levels with 7, =~ J and
m, =-J +1 (pure wave functions) and #,> &,. In this
case a jump of the magnetization occurs at 120 kOe be-
cause of an abrupt change of the wave function of the
ground state.

The characteristic temperature dependence of the
jump of M—Ilack of dependence of AMon T in the range
4.2 to 28 K and vanishing of AM at higher tempera-
tures—is caused by lowering of the temperature by
virtue of the magnetocaloric effect. This question was
considered in Ref. 15. Figure 5 gives a comparison of
calculated and experimental results for magnetization
along the ¢ axis; their close agreement is evident.®’

Thus, as follows from the experimental data, the
transition to a collinear structure in erbium in a field
H||b at low temperatures is a first-order phase transi-
tion. This has been explained by considering simple
magnetization processes and by a microscopic calcula-
tion. The explanation of the jumps of magnetization
along the ¢ axis is based on inversion of the structure
of the levels, magnetostriction, and a negative mag-
netocaloric effect. For the first time, saturation of
the magnetization of erbium has been successfully ob-
tained in fields ~ 273 kOe.

DAn earlier experiment! on dilute solutions of Dy in Gd enables
us to estimate the anisotropy field in Dy: H,~600 kOe.

21t must be noted that rotation processes do not follow directly
after destruction of the helicoidal magnetic structure, but be-
gin only at a field H~ 35kOe; this, as was mentioned in Refs.
7 and 8, is due to the existence of a transitional region (meta-
stable state) within the field interval 21 <H< 35kOe. Also,
the value of the magnetization, and consequently of the angle
6y, is somewhat larger than follows from neut ron diffraction
data (24° <6, <29°).°
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$)We note that the magnetization jumps are observed at tem~
peratures considerably exceeding the temperature of transi-
tion to the helicoidal phase (20 K).

Y Use of the parameter values from Ref. 3 leads to qualitative-
ly similar results. Only the amounts and fields of the mag-
netization jumps differ slightly.

5) Preliminary measurements that we have made showed that at
4.2 K, at field ~100 kOe, there occurs a discontinuity of the
longitudinal magnetostriction AZ/I~2.10-4. This corresponds
to a change of the magnetoelastic energy ~ 0.1 cm-!/atom.
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