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Field-induced magnetic phase transitions in the helical phase of dysprosium have been studied through
basal-plane magnetoresistance measurements. Certain details of the measurement technique were found
to be of profound importance: it is essential that the sample's interna1 magnetic field have high
homogeneity, and that the singlewrystal specimen be mounted in such a way that it may distort freely
under the influence of thermal and magnetostrictive stresses. Throughout this investigation, the magnetic
field was applied in the basa1 plane. Anomahes in the magnetoresistance, which are correlated with the
field which collapses the helix at a critical value H„have been observed. For temperatures greater
than 130'K, and fields greater than H„anomalies have been observed which are believed to result
from transitions from fan to ferromagnetic ordering. Resistance deviations as large as 4% were obstmved

at 20 kOe, and may be important to the interpretation of microwave-absorption measurements.

In the temperature range of approximately 1V9-
85 'K, dysprosium has been found to exhibit helical
antiferromagnetic order. In this state, the mag-
netic moments in each c plane (dysprosium is hcp)
are ordered ferromagnetically, but the direction
of the magnetization rotates by a temperature-de-
pendent pitch angle from layer to layer, generating
a helical structure. The electrical, magnetic, and

magnetoelastic properties of this state have been
extensively studied, and the reader is referred to
works by Cooper, Elliott, and Tebble and Craik
for general information. Herpin and Neriel were
among the first to study helical antiferromagnets,
using the methods of neutron diffraction and mag-
netization to characterize the properties of MnAu2.
They showed that the application of a magnetic field
along the axis of order had little effect, but a field
applied perpendicular to the helical axis was cap-
able of collapsing the helix at a critical-field value
referred to as H, . Further, they showed that an
intermediate "fan" state could exist in a range of
applied fields between H, and a limiting value, de-
noted as H&, of sufficient intensity to collapse the
fan into complete ferromagnetic alignment. Mag-
netization studies of single crystals of dysprosium
by Behrendt et al. showed that the critical field to
collapse the helix varied with temperature to an
approximate maximum of 11 kOe, a fortuitously
convenient value for experimentation. A steplike
increase of the magnetization occurs at H~, and
this is accompanied by a similar change in the size
and shape of the crystal, due to magnetostriction.
Although both the magnetization and magnetostric-
tion data show rounding for applied fields in ex-
cess of H, , no value for H& has been deduced from
these measurements.

A number of investigators ' have considered
theoretical analysis of magnetization processes of
a helical antiferromagnet. Such studies generally
suggest that a fan state should exist. Neutron-dif-
fraction methods have not yet been applied to a
study of the magnetization process of dysprosium,
but such experiments are now planned and should
provide data of great value in determining under
what conditions the fan, or possibly other inter-
mediate states, may exist.

Our studies of the magnetoresistande of single-
crystal dysprosium were initially stimulated by
microwave-absorption and resonance studies of
the helical phase, which provided data difficult to
interpret using available models. " The essential
point in this regard is that a microwave spectrom-
eter cannot separately distinguish between a field-
dependent resistance change and a magnetic pro-
cess, since both will give rise to changes in the
microwave-cavity quality radiation factor, Q.

Previous magnetoresistance measurements'
have indicated that anomalies exist at H„and we
considered it essential to obtain such data on sam-
ples of the same geometry used in resonance ex-
periments, in order to sort out the various effects.
What was found was that the resistance was an ex-
tremely sensitive probe of changes in magnetic
order of the system. These studies have provided
the first direct evidence for the existence of an in-
termediate state, and a measurement of H, over
the entire temperature range for which the ma-
terial is antiferromagnetic.

Three c plane discs were spark cut from two
single crystals grown by different commerical
firms. Subsequently, the surfaces were spark
planed to remove surface damage brought about
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by the cutoff procedure. The final step in the sam-
ple preparation was to chemically polish the sur-
faces to further reduce surface damage. Sample
A had a diameter of 6.0 mm and a thickness of
0. 12 mm, and samples B and C had diameters of
8.0 mm and thicknesses of 0. 24 mm.

A modified four-probe ac method was used to
measure the sample resistance as a function of
applied magnetic field. Two small sharp-pointed
brass probes placed 3 mm apart, located sym-
metrically about the center along a crystallographic
axis, were used to provide the necessary elec-
trical contacts. Four wires were attached to the
two probes. One pair was used to provide connec-
tions to a constant current (50-mA) ac source at
10 kHz. The remaining pair was connected to the
input of a 10-MQ-input-impedance lock-in amplifer
used to measure the voltage drop across the sam-
ple. Tests indicated this to be a reliable way to
measure the resistance, although only two con-
tacts were actually attached to the surface of the
specimen. This sample-contact system did not
give rise to any observable end effects, as can
be seen by comparing our data to that given by
Mackintosh and Spanel. '

The sample was mounted in a copper-can as-
sembly, in such a way that it could distort freely
under the influence of thermal and magnetostric-
tive stresses. This sample mounting was found
to be a critical and essential part of the experi-
mental procedure. When the sample was con-
strained, sharp anomalies at field-induced transi-
tions were smeared out and became unresolvable.
The general features of the curves were highly
reproducible over the course of this study, approxi-
mately 20 runs. Occasionally it was possible to
resolve the first resistance anomaly into two dis-
tinct peaks. This point is presently a subject of
further study.

A variable-temperature Dewar system employing
cold helium gas was used to provide an ambient
temperature for the copper sample enclosure slight-
ly lower than the desired operating temperature.
A heater in intimate contact with the sample en-
closure provided for fine control of the temperature,
which was stabilized to + 10 m 'K using an auto-
matic regulator system employing a field-insensi-
tive capacitance thermometer. ' The temperature
was measured using a calibrated gold-iron versus
chromel-P thermocouple with an accuracy of
+ 0. 5 'K. Magnetoresistance curves were plotted
directly on an x-y recorder. Although we report
here only the data taken between 179 and 85 'K,
measurements were taken from 300 to 4. 2 'K dur-
ing the various runs, starting from room tempera-
ture.

Our typical longitudinal- magnetor esistance
curves (not shown) have the same general shape as
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FIG. 1. Summary of typical transverse-magnetoresis-
tance measurements for several temperatures. Broad
resistance anomalies are correlated with the critical field
H, . Peaked resistance anomalies observed at the several
higher temperatures are believed to be due to spin fluc-
tuations at the transition field Hf. In general, the data
indicate that a magnetic field has a small effect on the
basal-plane resistance of the distorted helix (H &H,), but
does have comparatively large effects on the fan (P~ &H
+Hf) and ferromagnetic (P & H&) states.

data given by Mackintosh and Spanel. ' Trans-
verse-magnetoresistance data in the basal plane
apparently have not been published, and our data
for this case differ from the longitudinal results
in several important details. In general, the tran-
sitions at the critical field H, are ound to be
sharper. Narrow peaked resistance anomalies at
higher fields, indicating phase transitions, have
also been observed. Typical magnetoresistance
results for the helical phase are shown in Fig. 1.
In general, the data show that the sample's resis-
tance decreases slowly, until at a critical value
of the magnetic field, a large resistance anomaly
occurs, usually resulting in a local maximum.
With further increase of the applied field, the resis-
tance decreases more rapidly, and at a higher
temperature, a second peaked anomaly is observed.

If one compares this data to the data on mag-
netization and magnetostriction, it is easy to see
that the first resistance anomaly occurs at the
critical field H, which collapses the helicoid. The
critical-field resistance anomaly appears to be
completely insensitive to the relative directions of
the current and field in the basal plane. To verify
the result, we have studied the following four con-
figurations: I II Hll a, I II Hll b, IlH II 0, and flHII b,
and see no consistent differences. Use of this ex-
perimental technique has permitted the determina-
tion of a field which "destroys" the helix to within
1 'K of the Neel temperature. The curve bounding
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FIG. 2. Schematic H-T phase diagram for dysprosium
deduced from typical magnetoresistance data from three
different samples. The labels I, II, III, and IV refer to
the antiferromagnetic, paramagnetic, fan, and ferromag-
netic states, respectively. It has not yet been possible
to draw a boundary separating regions II and III. The
symbols used on the graph indicate data from samples A,
B, and C.

region I in Fig. 2 summarizes these results.
The curve separating regions III and IV in Fig.

2 was drawn by connecting the H-T data points for
which sharp resistance anomalies were observed
for fields greater than H, . We believe that these
local resistance maxima are the result of spin
fluctuations at the transition field Hf, which re-
sults in large increases in the sample's resistance.
Interpreted in this way, these data provide the first
direct evidence for an intermediate (fan) state in
dysprosium. It is interesting to note that the field
for which a discontinuity in the slope of the mag-
netostriction data at 144 'K is observed, cor-
relates with our value for H&, providing appropriate

demagnetization corrections are made. We expect
this correlation to hold for all temperatures be-
tween 130 and 160 'K. Clearly, there must be an-
other line separating regions II (paramagnetic) and
III (fan), but our data have provided no information
which would enable the drawing of such a boundary.
Neutron-diffraction experiments may be required to
resolve this question.

The resistance anomalies observed could also
result from changes in superzones which re-
sult from the different periodicity of the chemical
and magnetic unit cells. In previous work on ter-
bium, a magnetic field has been shown to suppress
the superzones. It appears that final diagnosis of
the origin of these resistance effects must await
further neutron-diffraction work and detailed stud-
ies of the Fermi surface.

It is perhaps important to note that anomalies
corresponding to Hf were observed only with one
current-field configuration, f&H 11 a. Further, it
is interesting to note a slight change in the char-
acter of the field-dependent resistance deviation
between 120 and 133 'K. The basal-plane aniso-
tropy, which varies as a high power of the re-
duced magnetization, becomes negligible in this
temperature interval.

The magnetoresistance data presented here are
for increasing field; hysteresis is generally ob-
served which vanishes as T approaches T„.

In summary, it has been shown that resistivity
measurements provide a sensitive means to moni-
tor field-induced phase transitions in rare-earth
metals. These studies have indicated the exis-
tence of an intermediate (fan) state for temperatures
greater than 130 'K. Further, it is noted that the
interpretation of microwave-spectroscopy mea-
surements cannot be done without careful considera-
tion of the basal-plane magnetoresistance, which
may vary by more than 4%%u~ in a 20-koe field range.
The sample geometry is seen to be a factor of con-
siderable importance, for, if the sample is cy-
lindrical, as in the case of the measurements of
Ref. 19, inhomogeneous internal magnetic fields
may not allow the observation of important effects.
Details of the sample mounting were also found to
be of considerable importance, suggesting that
magnetostriction plays a vital role in these transi-
tions.
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