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Magnetic materials exhibiting magnetic phase transitions simultaneously with structural rearrangements of
their crystalline lattices hold promise for numerous practical applications including magnetic refrigeration,
magnetomechanical devices, and sensors. We undertook a detailed study of a single crystal of dysprosium
metal, which is a classical example of a system where magnetic and crystallographic sublattices can be either
coupled or decoupled from one another. Magnetocaloric effect, magnetization, ac magnetic susceptibility, and
heat capacity of high-purity single crystals of dysprosium have been investigated over broad temperature and
magnetic field intervals with the magnetic field vector parallel to either thea or c axes of the crystal. Notable
differences in the behavior of the physical properties when compared to Dy samples studied in the past have
been observed between 110 and 125 K, and between 178 and,210 K. A plausible mechanism based on the
formation of antiferromagnetic clusters in the impure Dy has been suggested in order to explain the reduction
of the magnetocaloric effect in the vicinity of the Néel point of relatively impure samples. Experimental and
theoretical investigations of the influence of commensurability effects on the magnetic phase diagram and the
value of the magnetocaloric effect have been conducted. The presence of newly found anomalies in the
physical properties has been considered as evidence of previously unreported states of Dy. The refined mag-
netic phase diagram of dysprosium with the magnetic field vector parallel to thea axis of a crystal has been
constructed and discussed.

DOI: 10.1103/PhysRevB.71.184410 PACS numberssd: 75.30.Sg, 71.20.Eh, 74.25.Ha

INTRODUCTION

The rare-earth metal dysprosiumsDyd has one of the larg-
est magnetic moments in the lanthanide series, which for the
free trivalent ion reachespef f=gÎJsJ+1d=10.65mB, whereg
is the gyromagnetic factor,J is the total angular momentum
quantum number, andmB is the Bohr magneton. In the fer-
romagnetically ordered state, the spontaneous magnetic mo-
ment of Dy is slightly lower, i.e.,m=gJ=10mB. The metal
exhibits numerous magnetic phase transitions as temperature
and/or magnetic field vary. In a zero magnetic field, Dy is in
the paramagneticsPMd state above its Néel temperature,
TN>180 K. At ,180 K, elemental Dy transforms into a he-
lical antiferromagneticsAFMd phase, which is stable be-
tween ,90 and ,180 K. At the Curie temperature,
TC>90 K, the metal orders ferromagneticallysFMd and re-
mains in this state down to the lowest reported temperature
of 4.2 K.1–4 The transition between the AFM and FM phases
at the Curie temperature is first-order, while that between the
AFM and PM states at the Néel point is a second-order trans-
formation. The intermediate fan magnetic structure emerges
between the AFM and FM phases in a certain range of non-
zero magnetic fields between,127 and ,180 K.4 A
tricritical point on the phase diagram, where, in agreement
with the Landau theory the nature of the AFM↔ fan
transition changes from first to second order, is located near
165 K.5

In a zero magnetic field, the first-order phase transition
from a helical AFM to a collinear FM state occurs simulta-

neously with the orthorhombic distortion of the hexagonal
close-packed structure of the metal.6 Above the Néel point,
no short-range magnetic order has been observed by neutron
scattering.7,8 The x-ray diffraction investigation in low mag-
netic fieldssHø1 kOed, carried out in the vicinities of both
the Curie and Néel temperatures, revealed a broad region
where the AFM and FM phases coexist.9 Kida et al.10 re-
ported similar observations in magnetic fields higher than 1
kOe. The crystallographic transition in Dy is preserved in
nonzero magnetic fields, but according to Vorob’evet al.,9

the structural distortion is shifted to a higher temperature by
,3 K in a 1 kOe magnetic field when compared to that in a
zero field. This result agrees with both the magnetization4

and magnetocaloric effectsMCEd sRef. 5d data.
Thermal expansion11,12 and heat capacity13 measured in a

zero magnetic field reveal additional anomalies, such as steps
and sudden slope changes, which were explained by
temperature-dependent changes in the commensurability be-
tween the magnetic and crystallographic lattices. The corre-
spondence between the anomalies and commensurability
points was considered by Greenoughet al.14 with the objec-
tive to understand the nature of the complex temperature
dependence of the thermal expansion and elastic constants in
a zero magnetic field, and to relate the changes of the mag-
netic structure studied by neutron scattering with the elastic
properties of Dy.

The investigation of the magnetization in magnetic fields
ranging from 0 to 20 kOe applied along the hard magnetiza-
tion direction, i.e., along thec axis of a crystal in a tempera-
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ture interval from 4 to 300 K, was carried out by Jordan and
Lee.15 Magnetization, resistance, and thermal expansion
studies conducted between 4 and 6.5 K enabled Wills and
Ali 16,17 to conclude that a component of the magnetic mo-
ment along thec axis is likely present at low temperatures.

The magnetic phase diagram with the magnetic field ap-
plied along thea axis sthe easy magnetization directiond has
been constructed using different experimental methods.
These include magnetization data,4 ultrasonic
measurements,18 ac calorimetry,13 magnetocaloric effect,5,19

and Young’s modulus.19 Even though the magnetic and ther-
mal properties of single crystalline Dy have been thoroughly
studied, additional features in the magnetism and the need to
revise the arrangement of phase fields in the vicinity of the
Néel point were noted in Refs. 13, 20, 21, 22, and 23. Some
of the anomalies can be explained by the occurrence of the
intermediate vortex state, the presence of which in a narrow
temperature range was predicted theoretically by Kosevichet
al.24 in the case of the magnetic field vector parallel to thec
axis. As noted in Ref. 24, Dy—which is an easy plane mag-
netic material—may be unstable with respect to a transfor-
mation of the original magnetic phase into a vortex magnetic
state perpendicular to the basalab plane. Amitinet al.25 sug-
gested that the anomalous features of thermal expansion can
be understood assuming the appearance of an intermediate
vortex structure and by considering Dy as a two-dimensional
magnetic system. The presence of the vortex state was ex-
perimentally verified by neutron scattering7 in a zero mag-
netic field. The location of this additional magnetic phase on
the H-T diagram with the magnetic field vector parallel to

the f112̄0g direction has been investigated by Alkhafaji and
Ali 26 using magnetization measurements.

As mentioned above, the AFM↔PM magnetic transition
in Dy is a second-order transformation, in agreement with
the conventional theory of phase transformations. It is sup-
ported by the following experimental observations.

sid The H-T diagram of Dy contains a tricritical point at
T= ,165 K and H= ,11 kOe, where the first-order
AFM↔FM sor AFM ↔ fand transition becomes a second-
order transformation. Thus, at least the boundary of the
AFM ↔ fan transition approaches the zero magnetic field
Néel point as a second-order transformation.

sii d The AFM ↔ fan transition takes place over a broad
range of magnetic fields, and therefore has a continuous
character.

siii d The magnetic field hysteresis is absent in the range
from the tricritical points,165 Kd to the Néel temperature
s180 Kd.

Nevertheless, the presence of temperature hysteresis near
the AFM↔PM phase transition, detected by heat capacity13

and other properties19 measurements, including magnetic
field hysteresis of the magnetization in pulsed magnetic
fields near the Néel temperature,27 points to a mixed charac-
ter of this phase transition. The presence of the extended
temperature hysteresis in the paramagnetic region supports
the notion about the existence of AFM clusters in the PM
phase matrix. Both the amount and size of these clusters
decrease with the increasing temperature, and the paramag-
netic phase becomes uniform and homogeneous only at tem-

peratures approximately 30 to 50 K above the Néel point.19,28

Since the behavior of the heat capacity at constant pres-
sure,CpsH ,Td, as a function of temperature and magnetic
field can be used to examine the nature of magnetic phase
transitions, several sets of experimental investigations of the
heat capacity of Dy have been reported to date. Specific heat
was investigated by ac calorimetry from 80 to 130 K in a
zero magnetic field13 and in magnetic fields up to 17 kOe19

applied along the easy magnetization directionsa axisd. Un-
usual superheating during a first-order FM→AFM transfor-
mation in a zero magnetic field was observed by Pecharsky
et al.29 and by Gschneidneret al.30 for a solid-state electroly-
sis purified polycrystalline Dy.

The most recent magnetic phase diagrams of DysRefs. 13
and 26d indicate the presence of an unknown magnetic phase
sthe so-called “fan II” phased inside the well-known fan
phase region in the temperature interval from,170 K to
,180 K and in magnetic fields between 12 and 25 kOe. The
x-ray diffraction investigations10 revealed anomalies of the
temperature dependence of thec axis and thermal expansion
in this region, but both of them can be explained without
assuming the presence of an additional phase. Neutron-
scattering data reveal differences in scattering between the
conventional “fan” and the new fan II phases.31

In the past, the magnetic and thermal properties of single-
crystal Dy were studied by various authors using different
quality samples. The majority of known investigations were
performed using specimens of different, often low, purity.
Sometimes, impurities and their contents have not been
quantified. Consequently, it is rather difficult to compare the
results obtained by various authors in an attempt to develop
a clear picture describing the nature of multiple phase tran-
sitions observed in elemental Dy as a function of temperature
and magnetic field. To the best of our knowledge, a thorough
investigation of the magnetothermal properties of this lan-
thanide metal employing a variety of experimental tech-
niques with the magnetic field applied along different crys-
tallographic directions in the same quality crystals obtained
from a single initial batch of Dy was not conducted hereto-
fore.

A comprehensive investigation of the magnetic and ther-
mal properties of high-purity single crystals of Dy has con-
siderable fundamental importance because the nature of
magnetic phase transitions may be strongly affected in the
total concentration of H, C, O, N, and/or F in the studied
material exceeds a few hundred ppm by weight.32 As we will
show below, the magnetic phase diagram constructed using
the results obtained from a high-purity Dy crystal contains
several anomalous features and phases that were likely
masked by interstitial impurities, and therefore left undetec-
ted in previous studies. Future theoretical investigations and
neutron- and/or x-ray-scattering experiments should be con-
ducted to gain a better understanding of the nature and be-
havior of the magnetic structure of Dy in these regions of
temperature and magnetic fields. Such studies are especially
important because it is also known that in low-purity single
crystals of Dy, magnetic phase transitions have features typi-
cal of the coexisting first- and second-order phase
transformations.19

In addition to furthering the basic understanding of the
relationships between structure and magnetism, Dy may be
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considered a classical example of a magnetic material where
in certain regions of temperature and magnetic fields, a first-
order magnetic phase transition coincides with a first-order
structural transformationsin a zero magnetic field both tran-
sitions occur at,90 Kd. Recent advancements in under-
standing complex intermetallic compounds33 indicate that
materials with combined magnetic-crystallographic transfor-
mations have a potential for practical applications, e.g., in
energy-efficient and environmentally benign magnetic refrig-
eration. Presently, compounds with coupled magnetic and
structural phase changes are believed to be the most promis-
ing class of materials34–37for future applications in magnetic
cooling and heating.

In this paper, we report a variety of experimental mea-
surements, including dc magnetization, ac magnetic suscep-
tibility, magnetocaloric effect, and heat capacity, all as func-
tions of temperature and magnetic field, performed using the
identical quality Dy single crystals with magnetic field ap-
plied parallel to either thea or c axes of the crystal. The
obtained results have been compared with previously known
data and utilized in an attempt to explain the nature of the
anomalies recently reported in Refs. 13 and 31.

EXPERIMENTAL DETAILS

The single crystal of Dy investigated in this work was
prepared by the Materials Preparation Center at the Ames
Laboratory. The major impurities in the polycrystalline metal
used to grow the single crystal via a strain-anneal process
were as followssin ppm at.d: O, 600; C, 190; F, 110; Fe, 60;
and N, 50; thus the starting material was approximately
99.89 at. %s99.98 wt. %d pure. The specimens for the dc
magnetization and ac magnetic susceptibility measurements
were cut by using the spark-eroding technique from a large
grain and shaped as parallelepipeds with the approximate
dimensions 23234 mm3. The longest axes of the parallel-
epipeds were parallel to either thea- or c-crystallographic
axes of Dy. The samples for the heat capacity measurements,
also extracted from a large grain, were approximately cylin-
drically shaped with the height of the cylinder around 3 mm,
and its diameter approximately 10 mm; thea- and
c-crystallographic axes were parallel to the shortest dimen-
sions of the two different samples. Crystallographic direc-
tions were determined using the backreflection Laue tech-
nique. The combined accuracy of the alignment of the
crystallographic axes with the direction of the magnetic field
vector was65°. All isothermal magnetization measurements
reported in this paper have been corrected for demagnetiza-
tion. The value of the demagnetization factor used for recal-
culating the magnetization was 0.2.

The dc magnetization and ac magnetic susceptibility data
were measured using a Lake Shore ac/dc susceptometer/
magnetometer, model 7225. Magnetic measurements were
carried out in the range of external magnetic fields varying
from 0 to 56 kOe and in the temperature interval from 4.5 to
300 K. The rms amplitudes of the ac magnetic fields varied
from 2.5 to 10 Oe, and the range of the ac magnetic fields’
frequencies was from 55 to 1000 Hz. The accuracy of the
magnetic measurements, derived from measuring a Pt stan-
dard, appears to be better than 1%.

The heat capacity in constant magnetic fields ranging
from 0 to 100 kOe was measured between,4 and 350 K in
a semiadiabatic heat pulse calorimeter, which has been de-
scribed elsewhere.38 The accuracy of the heat capacity data
was better than,0.6% in the temperature interval from 20 to
350 K and better than,1% in the temperature range 4 –20
K.

The isothermal magnetic entropy change as a function of
temperature was calculated from magnetization data by using
the Maxwell relation

DSmagsTd =E
0

H S ]M

]T
D

H

dH. s1d

The experimental isofield heat capacity data,CpsT,Hid susu-
ally a total of,300 data points for each value of the external
magnetic fieldd, were used to calculate the total entropies,
StotalsT,Hid, whereHi is a fixed magnetic field,

StotalsT,Hid =E
0

T CPsT,Hid
T

dT. s2d

In Eq. s2d, the zero-temperature entropy is assumed to be
zero and independent of the magnetic field. In order to re-
duce the influence of a small variance in temperature at
which the measurements in differentHi were initiated, the
numerical integration of Eq.s2d was performed beginning at
a common lowest temperature,Tmin, for all magnetic fields.
Hence, the total entropy was calculated as follows:

StotalsT,Hid =E
0

Tmin CP8sT,Hid
T

dT+E
Tmin

T CPsT,Hid
T

dT.

s3d

The heat capacity,CP8sT,Hid, was extrapolated fromT=Tmin

to T=0 using the experimental data in the temperature inter-
val from ,3.5 to ,8 K and assuming that the total heat
capacity is the sum of the lattice, electronic, and magnetic
contributions. It was also assumed that at low temperature
and faraway from the nearest magnetic phase transition
sTC;90 Kd, the contributions from the electronicsgTd and
lattice sbT3d heat capacities are magnetic-field-independent.
Hence, magnetic field affects only the magnetic part of the
heat capacity,CM =BTn, wheren=1.5, andB is a parameter
determined from a least-squares fit of the heat capacity
data from Tmin to ,8 K. Thus, the determinedg, B, and
b were used in the interpolation fromT=Tmin to T=0 K
using CP8sT,Hid=gT+BHiT

1.5+bT3. The magnetocaloric
effect was determined as the isothermalsDSMd and the
isentropic differencessDTadd between the two entropy func-
tions: StotalsT,Hi Þ0d andStotalsT,Hi =0d.

The magnetocaloric effect,DTad, was also measured di-
rectly from,77 to 300 K in quasistatic magnetic fields using
a home-built apparatus. The magnetic field changes ranged
from 2 to 14 kOe and the magnetic field was generated by an
electromagnet. Due to the relatively large magnetic induction
of the coil, the time of the field sweep from 0 to 14 kOe was
t>2 s. The measurements were made on thermally insulated
samples in a vacuum of,10−3 torr to minimize the heat
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exchange between the specimen and the surroundings. The
MCE data were usually recorded as follows. First, the tem-
perature of the specimen was stabilized after either cooling
from ,200 K or heating from,80 K to the target tempera-
ture in a zero magnetic field. Second, the MCE measure-
ments were carried out by changing the magnetic field be-
tween zero and the desired valuesand then back to zerod
beginning from small magnetic field increments and ending
with the largestDH. The zero-magnetic-field temperature of
the specimen was kept constant during each series of mea-
surements. We will refer to these data as the MCE measured
isothermally. In another approach, which we call isofield
measurements and which may yield different results because
some phase transitions of Dy are first-order and hysteretic,
the MCE data were recorded after sample temperature was
stabilized as described above before each magnetic field
sweep. The magnetic field change was always from zero to
the same nonzero field value. The equilibrium temperature of
the specimen was measured using a copper-constantan ther-
mocouple before and after the magnetic field sweeps. The
magnetocaloric effect was determined as the difference be-
tween the two equilibrium temperatures with,7 to ,10%
accuracy.

MAGNETIC PROPERTIES

The isothermal dependencies of the magnetization of the
Dy single crystal measured in low magnetic fields in the
temperature interval from 83.5 to 122 K with the magnetic
field applied parallel to thea axis are shown in Fig. 1. Dis-
tinct metamagnetic-like steps in the magnetization corre-
sponding to the magnetic-field-induced first-order
AFM→FM transformation are observed at all temperatures
exceeding 90 K. The critical magnetic field,Hcr, increases
nearly linearly with temperature at a ratesdHcr /dTd of 0.13
kOe/K, see inset in Fig. 1.

The magnetic field dependencies of the magnetization
along the same crystallographic axis at higher temperatures
and higher magnetic fields are shown in Fig. 2. The critical
magnetic field required to induce the AFM→FM transfor-
mation continues to increase nearly linearly from,4 to
,11 kOe with increasing temperature and then saturates at
Hcr>11 kOe atTù165 K. A steplike increase in the mag-
netization is clearly observed even at 177 Ksnot shown in
Fig. 2d. At 180 K, the step becomes nearly indistinguishable
and the anomaly is reduced to a change of slope of the
MsHdT function, which presumably corresponds to a second-
order magnetic-field-induced AFM↔ fan transition. This
behavior is in good agreement with the results reported in
Ref. 2. In higher magnetic fieldss11 to 22 kOed and just
below 180 K, Dy becomes ferromagnetic due to the
magnetic-field-induced fan→ FM transition. The magnetic-
field-induced anomaly similar to that shown for the 180 K
isotherm in Fig. 2 disappears above 181.5 K. The behavior of
the magnetization becomes nearly linear with field as Dy
adopts the paramagnetic state.

The magnetization along thec axis sFig. 3d displays quite
a different behavior, which is consistent with a hard magne-
tization direction. Between 120 and 180 K, anomalous but
minor slope changes are observed in magnetic fields below
15 kOe. With increasing temperature, the location of this
slope anomaly moves towards the higher values of the mag-
netic field in a nearly linear fashion.

The temperature dependencies of the magnetization
along thea axis measured in several different dc magnetic
fields are shown in Fig. 4. Sharp reductions of the magneti-
zation observed on heating in 3, 6, and 10 kOe magnetic
fields correspond to the temperature-induced first-order
FM→AFM magnetic phase transitions. The cusps, seen near
180 K, correspond to second-order AFM→PM transitions. A
weak anomaly is also observed in the vicinity of 100 K in
low magnetic fields, which is better visualized as the deriva-
tive of the magnetization with respect to temperaturese.g., in

FIG. 1. sColor onlined Isothermal magnetization of Dy measured
between 83.5 and 122 K with the magnetic-field vector parallel to
thea axis. The inset shows the critical magnetic fields as a function
of temperature. The sample was heated to 250 Ksi.e., the paramag-
netic stated and then cooled down in a zero magnetic field to the
temperature of each measurement.

FIG. 2. sColor onlined Isothermal magnetization of Dy measured
between 135 and 180 K with the magnetic-field vector parallel to
the a axis. The sample was heated to 250 Ksi.e., the paramagnetic
stated and then cooled down in a zero magnetic field to the tempera-
ture of each measurement.
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a 6 kOe magnetic field, see inset in Fig. 4d. The presence of
the anomalies around 100 K may be explained by the prox-
imity of the point where magnetic and crystal structures be-
come commensurate with one another. Similar anomalies
have been confirmed by our magnetocaloric effect measure-
ments ssee belowd, which also reveal the existence of an
additional critical field in the temperature interval from 110
to 125 K.

The isofield magnetization measurements along thec axis
in the temperature interval from 50 to 250 K and applied
magnetic fields of 5 and 15 kOe are illustrated in Fig. 5. Both
curves behave anomalously between 80 and 90 Ksthe Curie
pointd and around 180 Ksthe Néel pointd. The steplike de-

crease of the magnetization at,80 reflects the first-order
FM→AFM transition occurring on heating. The maximum
of the magnetization at,180 K coincides with the Néel
point, where a second-order transition from the AFM to the
PM phase occurs.

The temperature dependencies of the ac magnetic suscep-
tibility measured along the easy magnetization axis with dc
magnetic fields of 5 and 10 kOe applied along thea axis of
the crystal are presented in Fig. 6. The anomalies observed
when the sample was biased by a 5 kOe dc magnetic fieldsa
minimum at 106.7 K, a maximum at 124.7 K, and a maxi-
mum at 180.2 Kd correspond to the anomalies in the MCE
ssee belowd and the dc magnetizationssee Fig. 4d in this
region of temperatures and magnetic fields. The minimum at
106.7 K is related to an intermediate magnetic phase. In the
dc magnetic field of 10 kOe, the minimum of the ac suscep-

FIG. 3. sColor onlined Isothermal magnetization of Dy measured
between 50 and 185 K with the magnetic-field vector parallel to the
c axis. The sample was heated to 250 Ksi.e., the paramagnetic
stated and then cooled down in a zero magnetic field to the tempera-
ture of each measurement.

FIG. 4. sColor onlined Isofield magnetization of Dy measured
during heating of a zero magnetic field cooled sample from 4.5 to
250 K with the magnetic-field vector parallel to thea axis. The inset
shows the derivative of the magnetization with respect to tempera-
ture between 70 and 120 K whenH=6 kOe. The arrows point to a
minor anomaly observed near 100 K in a 6 kOe magnetic field.

FIG. 5. sColor onlined Isofield magnetization of Dy measured on
heating of a zero magnetic field cooled sample from,50 to
,250 K with a magnetic-field vector parallel to thec axis.

FIG. 6. sColor onlined The real component of the ac magnetic
susceptibility of Dy measured on heating of the zero magnetic field
cooled sample from 50 to 250 K with both the ac and dc magnetic-
field vectors parallel to thea axis. The inset clarifies details around
100 K.
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tibility transforms into a weak steplike anomalyssee inset in
Fig. 6d. There are also anomalies related to the second-order
phase transition between ferromagnetic and fan phases
sT>140 Kd, the first-order AFM-FM magnetic phase transi-
tion sT>153 Kd, and the second-order transition between
AFM and PM phasessT>175 Kd when the ac susceptibility
measurements are biased by a 10 kOe dc magnetic field.

The xac8 sTd data along thec axis measured in a zero ex-
ternal dc magnetic field have two peaks approximately cor-
responding to the locations of the Curie and Néel pointsssee
Fig. 7d. Additional steps appear in the applied dc magnetic
fields of 5, 8, and 10 kOesonly the 10 kOe curve is shown in
Fig. 7d, and their locations on the temperature scale ascend in
a linear fashion with the increasing magnetic field. In a 20
kOe magnetic field, the temperature dependence of the ac
susceptibility has a characteristic maximum related to the
position of the AFM↔PM transition and a step in the vicin-
ity of the Curie temperature.

MAGNETOTHERMAL PROPERTIES

The heat capacity of single crystalline Dy in a zero mag-
netic field ssee Fig. 8d agrees with the previous
measurements.13 A sharp peak at,90 K corresponds to the
first-order AFM→FM transition and the characteristic
l-type anomaly at ,180 K reflects a second-order
AFM→PM transformation. Upon application of the mag-
netic field parallel to the easy magnetization direction, the
behavior of the heat capacity changes considerably. The tem-
perature of the sharp peak at 90 K remains nearly constant in
magnetic fields between 3 and 15 kOe but its magnitude is
gradually suppressed, especially in a 15 kOe field. The peak
completely disappears in a 20 kOe magnetic fieldsnot shown
in Fig. 8d. A second low-temperature feature—a small
cusp—develops above 90 K in low magnetic fields, and it
quickly shifts toward higher temperature as the magnetic
field increasesssee the inset in Fig. 8d. The location of the

cusp approximately corresponds to the magnetic-field-
induced AFM→FM transitions ssee Figs. 1 and 2d. The
high-temperature anomaly splits into two when the magnetic
field is in the range of 15–25 kOesonly the 15 kOe data are
shown in Fig. 8d.

The heat capacity measured with the magnetic field ap-
plied along thec axis in the temperature interval 70 –200 K
in the range of magnetic fields up to 15 kOe is shown in Fig.
9. Unlike when the magnetic field is applied parallel to thea
axis, the data presented in Fig. 9 have only two anomalies.
The sharp peak at,90 K corresponds to a first-order phase
transition. The magnitude of this peak decreases with in-
creasing magnetic field, however the suppression is not as
drastic as in the case when the magnetic field vector coin-
cides with the easy magnetization direction. As long as the
magnetic field is less than or equal to 20 kOe, its influence

FIG. 7. sColor onlined The real component of the ac magnetic
susceptibility of Dy measured on heating of a zero magnetic field
cooled sample from 5 to 250 K with both the ac and dc magnetic-
field vectors parallel to thec axis.

FIG. 8. sColor onlined The heat capacity of Dy between,70
and 250 K measured on heating of a zero field cooled sample in low
magnetic fields with the magnetic-field vector parallel to thea axis.
The inset clarifies the behavior between 100 and 150 K at 6 kOe
and 15 kOe. The cusps, which develop in these magnetic fields, are
indicated by arrows.

FIG. 9. sColor onlined The heat capacity of Dy between,70
and 250 K measured on heating of a zero field cooled sample in low
magnetic fields with the magnetic-field vector parallel to thec axis.
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on the heat capacity aroundTN=180 K is nearly negligible.
The isothermal dependencies of the magnetocaloric effect

in the region from,111 to,122 K are presented in Fig. 10.
Each curve displays two steplike anomalies. The low-field
steps correspond to the magnetic-field-induced AFM→FM
transitions. Additional steps occur at slightly larger magnetic
fields and they are observed in the temperature interval from
105 to 125 K. The difference between the values of the criti-
cal fields corresponding to the first step, measured after heat-
ing and after cooling of the sample, shows temperature hys-
teresis, which is consistent with the first-order nature of the
AFM→FM transition. The second steps have little, if any,
hysteresis, thus indicating a second-order nature of the un-
derlying transformationsalso see belowd.

The isothermal behavior of the MCE in the vicinity of the
Néel point is shown in Fig. 11. At and below 179.2 K, the
MCE is negative in low magnetic fields, which is due to the
contribution from the AFM phase in this range of magnetic
fields. At higher temperatures, the antiferromagnetic order
disappears, and the magnetocaloric effect becomes positive
in all magnetic fields. It is, therefore, possible to define the
Néel point as the temperature where the MCE becomes non-
negative in weak magnetic fields. The value of the thus ob-
tained Néel temperature is 179.4 K. Just below the Néel tem-
perature, the MCE shows a weakly magnetic-field-dependent
plateaulike behaviorse.g., from,4 to ,8 kOe at 179.2 K,
from ,10 to ,12 kOe at 179.5 K, and from,6 to ,8 kOe
at 180.7 Kd. The fine features in the behavior of the MCE as
a function of magnetic-field change disappear above 182 K,
where Dy is in the PM state.

The temperature dependencies of the magnetocaloric ef-
fect for a magnetic-field change from 0 to 10 kOe between
50 and 200 K obtained using different techniques are de-
picted in Fig. 12. All of the data are presented without ac-

counting for the demagnetization factor. Some discrepancies
between the MCE values are observed in the temperature
interval from 90 K to 160 K. The magnetocaloric effect mea-
sured isothermally generally exceeds that obtained from the
isofield measurements, possibly due to the presence of an
additional phase caused by the commensurability of the mag-
netic and crystallographic structures. The results computed
from heat capacity are generally lower than those measured
directly in this temperature range. While a variety of reasons
may account for the discrepancies between the computed and
the measured MCE values, including different error limits
intrinsic to each technique,39 we believe that the observed

FIG. 10. sColor onlined The magnetocaloric effect of Dy be-
tween,111 and,122 K measured directly in low magnetic fields
with the magnetic-field vector parallel to thea axis. The magnetic
field was changed between 0 and the value specified as the abscissa
after the sample was either heated in a zero magnetic field from
below 90 K or zero-field-cooled from above 180 K to the tempera-
ture of the measurement as indicated in the legend. The arrows
point to low-field steps observed atT=111.6 andT=117.8 K.

FIG. 11. sColor onlined The magnetocaloric effect of Dy be-
tween,179 and,182 K measured directly in low magnetic fields
with the magnetic-field vector parallel to thea axis. The magnetic
field was changed between 0 and the value specified as the abscissa
and then back to 0 while the sample was kept at constant initial
temperature, as marked in the legend.

FIG. 12. sColor onlined The magnetocaloric effect of single
crystalline Dy between 50 and 200 K measured directly for a
magnetic-field change from 0 to 10 kOe and calculated from the
heat capacity data collected in 0 and 10 kOe magnetic fields. In all
cases, the magnetic-field vector was parallel to thea axis of the
crystal.
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differences are partially due to the fact that the heat capacity
is measured in a constant magnetic field, while the direct
MCE measurements require changing the magnetic field.
Normally, this makes little, if any, difference unless the ma-
terial undergoes a first-order phase transition, as does Dy,
where the first-order AFM→FM transformation can be in-
duced by low magnetic fields between 90 and,180K ssee
Figs. 1 and 2d.

All measured physical properties of Dy, especially those
with the magnetic field parallel to thea axis of the crystal,
show multiple temperature and magnetic-field-dependent
anomalies. These are included in Fig. 13, which represents a
refined T-H phase diagram of Dy. In general, most of the
experimental results described in this section are in good
agreement with those reported earlier. In particular, Dy be-
haves as a ferromagnet below the Curie temperature and as
an antiferromagnet between the Curie and Néel temperatures
in a zero magnetic field. We also detect anomalies, which can
be associated with the intermediate fan phase during the tran-
sition from the AFM to FM phase when temperature exceeds
,125 K and the magnetic field exceeds,4 kOe. At tem-
peratures above 181.7 K, Dy behaves as a conventional para-
magnet. Yet, several additional anomalies have been ob-
served in the course of this study, thus leading to a revision
of the magnetic phase diagram of Dy as discussed below.

AFM \FM PHASE TRANSITION

Magnetization and ac magnetic susceptibility measure-
ments with the magnetic fields applied along the easy mag-
netization direction are in good agreement with previous
investigations.1–4 The Curie temperature is,90 K in a zero
magnetic field. As temperature increases, a small magnetic
field is required to induce the AFM→FM transformation and
the value of the critical magnetic field increases with tem-

peraturessee Fig. 13 and relevant experimental data in Fig. 1
through Fig. 7d. Below the Curie temperature, magnetic and
thermal properties indicate that the FM phase of Dy is in a
uniform state.

The anomalous behavior of the heat capacity observed
between 90 and 180 K when the magnetic field is applied
along thea axis sFig. 8d is related to complex interplay of
magnetic and structural transitions between the AFM and
FM phases. The lowest temperature anomaly is a sharp peak,
which resides at,90 K in magnetic fields up to 20 kOe. The
second, next higher temperature anomaly, is a small cusp that
in T-H coordinatesse.g.,,124 K at 6 kOe and,135 K at
15 kOed corresponds to the location of the magnetic-field-
induced AFM→FM transition obtained from the magnetiza-
tion data. It is, therefore, reasonable to assume that magnetic
field applied along the easy magnetization direction leads to
a two-step transformation in the elemental Dy. The first is the
orthorhombic to hexagonal distortion, which appears to be
magnetic-field-independent and always occurs at,90 K on
heating. In a nonzero magnetic field, this is likely to be a
structural transition between two ferromagnetic phases of
Dy. The second step is thec-axis discontinuitysaccording to
Ref. 10 the discontinuity is observed at temperatures as high
as 169 Kd, which is coupled with the FM→AFM change of
the magnetic structure as temperature and field increase.
Thus, the AFM↔FM transition in Dy involves an aniso-
tropic change of the magnetoelastic interactions along the
sixfold crystallographic axis,19 and it appears that two struc-
tural san orthorhombic - hexagonal distortion and thec-axis
discontinuityd and one magneticsAFM-FMd phase transi-
tions coexist atTC in a zero magnetic field. Thus,TC may be
considered as the lowest temperature tricritical point in the
magnetic phase diagram of Dy.

Commensurability effects

The magnetocaloric effect data collected between 110 and
120 K reveal anomalous behavior of the isothermal MCE
curves in the range of magnetic fields from 3 to 6 kOesFig.
10d. Similar features have been observed in low magnetic
fields in the thermal expansion at 100 and 110 K, and are
thought to be caused by the proximity of the commensura-
bility point at 113 K.14 To gain further insights into the ob-
served low magnetic field anomalies and to describe the be-
havior of the critical fields between,110 and 120 K, one
can employ the Landau-Ginsburg theory. Although the
theory is phenomenological, it provides a qualitative under-
standing of the different magnetic phase transitions irrespec-
tive of their nature.

Theoretical analysis

Consider the helical antiferromagnetic structure of Dysla-
beled “AFM” in Fig. 13d as a set of ferromagnetic planes
stacked perpendicular to thec axis. From one plane to the
next, the in-base components of the magnetic moments rotate
by a specific anglew, the so-called helix angle. According to
neutron scattering,14 the commensurability sets atTcom
=113 K, in agreement with anomalies of the magnetic and
thermal properties between 110 and 120 K described above.

FIG. 13. sColor onlined The magnetic phase diagram of Dy with
the magnetic-field vector parallel to the easy magnetization direc-
tion, i.e., to thea axis of the crystal. Also see Figs. 17 and 20 for
enlarged portions of the magnetic phase diagram in the range of 100
to 130 K and 3 to 7 kOe, and 170 to 180 K and 6 to 12 kOe,
respectively.
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At Tcom, the nonzeroc component of the magnetic wave
vector q and the helix anglew become, respectively, 1/6t
and 30°swheret is the length of the reciprocal-lattice vec-
tord. The magnetic moment, therefore, completes the full ro-
tation over 12 sequential planes and one can consider these
planes as an antiferromagnetic cluster consisting of six pairs
of planes, each with mutually opposite magnetic moments.
The investigation of how the commensurability point affects
magnetic properties of a material was carried out in Refs. 40,
41, and 42. The case of a spiral structure with AFM ordering
in the basal plane was described in Ref. 42.

For Ho and Dy, the Landau-Lifshitz function, expanded in
the vicinity of the rational value ofq=f0,0,1/6tg, is as
follows:41

F =
1

V
E drHrsjhd + usj2h2d + wsj6 + h6d + isSh

dj

dz
− j

dh

dz
D

+ gSdh

dz

dj

dz
DJ . s4d

In Eq. s4d, j andh are the order parameters corresponding to
clockwise and counterclockwise rotations of the magnetic
moment in the basal plane, respectively;r, u, s, andg are
the temperature-dependent coefficients;w represents the
basal plane anisotropy; andV is the volume of a system.
Equations4d was obtained using full symmetry of the system
at q=f0,0,1/6tg.

The order parametersj andh represent a superposition of
the left-handed and right-handed spirals. Therefore, the two
variables can be reduced to one complex order parameter,41

j = reiw, h = j* = re−iw, s5d

wherer is the modulussamplituded of the order parameter.
In the case of an undistorted helix structure of Dy,w=qz,
whereq= uqu andz is the coordinate along thec axis.

After substituting the new variable into functions4d, ne-
glecting the fourth-order term, assuming thatr(r) is constant,
and w(r )=w(x,y,z)=w(z) depends only on the z
coordinate,41 one can obtain the following simplified func-
tion:

F =
1

V
E drHrr2 + gr2Sdw

dz
D2

+ 2sr2dw

dz
+ wr6 cos 6wJ .

s6d

Equations6d does not account for the presence of 12-plane
antiferromagnetic clusters caused by the commensurability
of the crystal and magnetic structures of Dy. Thus, one must
introduce an antiferromagnetic spiral, where the cluster is
treated as an antiferromagnetically ordered slab. The density
of magnetic moments inside the material in the case of the
AFM spiral can be expressed as42

M sr d = Msm + le−iqArd, s7d

where M is the modulus of the magnetization,qA is the
vector of the AFM structure inside the slab, andm and l are
auxiliary vectors that satisfy the following conditions to keep
the density of the magnetic moments independent of the
coordinate:42

m2 + l2 = 1 and sm · ld = 0. s8d

If the magnetic field is applied along the easy magnetization
a axis sx directiond and qA is located along thec axis sz
directiond, then vectorsm and l should have the following
components:42

mx = mcosw, my = msinw, mz = 0,
s9d

lx = l sinw, ly = − l cosw, lz = 0,

wherem= umu and l = ul u are the amplitudes of the vectorsm
and l.

Considering the density of magnetic moments as the order
parameter, one can obtain the function42

F

M2 =
1

V
E drFrl 2 + gl2Sdw

dz
D2

+ 2sl2
dw

dz
+ mhcosw

+ wl6 cos 6wG , s10d

wherel substitutes forr in Eq. s6d.
Taking into account thatm2+ l2=1, minimization of the

following equation models the phase transitions of the
system:42

F

M2 =
1

V
E drFrl 2 + gl2Sdw

dz
D2

+ 2sl2
dw

dz
+ mhcosw

+ wl6 cos 6wG − lsm2 + l2 − 1d. s11d

After differentiating Eq.s11d with respect tow, l, m, andl,
one obtains the following series of Euler equations:

dsF/M2d
dw

= 0 ⇒
d2w

dz2 +
mh

2gl2
sinw + 6w

l4

2g
sin 6w = 0,

s12d
dsF/M2d

dl
= 0 ⇒ lHr +

1

V
E drFgSdw

dz
D2

+ 2s
dw

dz

+ 3wl4 cos 6wG − lJ = 0,

dsF/M2d
dm

= 0 ⇒ h
1

V
E dr cosw − 2ml = 0,

dsF/M2d
dl

= 0 ⇒ m2 + l2 − 1 = 0,

where l and m are treated as constants, andg, s, r, andw
depend only on temperature.

Employing the perturbation theory for small values of the
basal plane anisotropyswd and taking into account only the
terms that are linear with respect tow, we obtain the follow-
ing approximate solutions for Eqs.s12d:

sId f = kz+
w

12g
sin 6kz, l = 1,

m= 0 sh , h2d,
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sII d cosf = − 1, l = Î1 − sh/2rd2, m= − h/2r

sh1 , h , h3d,

sIII d cosf = 1, l = 0, m= − 1 sh . h3d,

sIV d f = 2 amSÎ mh

2gl2
z

x
,xD + OS wl10

smhd3D, m> 1, l

! 1 sh2 , h , h1d, s13d

where the limiting values of the magnetic field are

h1 = 2ur uS 16ur u
p2ss2/gd

+ 1D−1/2

+ Oswl2d, s14d

h2 = F2
s2

g
Ss2

g
+ ur u + OswdDG , s15d

h3 = 2ur u, s16d

and the modulusx of the amplitude of the Jacobian elliptic
function, amsz/x ,xd, can be found by using the energy-
conservation equation,

E

x
= S1

8
p2ss2/gd

l2

mh
D1/2

, E = const. s17d

Solutions13.Id corresponds to a helix phase slightly distorted
in the basal plane; solutions13.IId is an additional spin-flop
phase that transforms to the ferromagnetic phases13.IIId
when the magnetic field exceeds the critical valueh3=2ur u.
Solutions13.IVd corresponds to a distorted helix. Relying on
this phenomenological model, the region where the helix and
the spin-flop phases coexist is defined in terms of the critical
fields, i.e., whenh2.h1. Phases13.IVd, therefore, should not
exist on theH-T phase diagram of Dy. As a result, the tran-
sition from the helix to the spin-flop phase is first-order,
while that from the helix to the ferromagnetic state is a
second-order transformation. After substituting these solu-
tions into Eq. s11d and integrating over the volume of a
sample, one can calculate the free energies,

FIsh,Td
M2 = − ursTdu −

s2sTd
gsTd

,

FIIsh,Td
M2 = − ursTduS1 −F h

2ursTdu + OswdG2D
−

h2

2ursTdu + Oswd
, s18d

FIII sh,Td
M2 = − h.

After comparing the free energies of different phases, the
temperature dependencies of the critical magnetic fields re-
lated to the corresponding transitions are as follows:

hI-II = hH-SFsTd = 2ÎursTdufBsTd + Oswdg

⇒ for helix→ spin-flop, s19d

hII -III = hSF-FMsTd = 2ursTdu ⇒ for spin-flop→ FM,

s20d

hI-III = hH-FMsTd = ursTdu + BsTd + Oswd ⇒ for helix→ FM.

s21d

In Eqs. s19d–s21d, BsTd=s2sTd /gsTd is introduced for con-
venience only because the actual temperature dependencies
of the coefficientsr, s, andg are unknown.

Thus, the two boundaries of magnetic transitionshH-SFsTd
andhSF-FMsTd may merge into a singlehH-FMsTd line on the
T-H magnetic phase diagram at a fixed temperatureT=Tbrn
sTbrn is the branching point at 127 K between spin-flop and
FM states on the magnetic phase diagram of Fig. 13d and is
defined by the condition

ursTbrndu = BsTbrnd + OfwsTbrndg. s22d

By differentiating the free energy of the system with respect
to the magnetic field, one can obtain the temperature and
field dependencies of the magnetization,M,

MsH,Td

=5
0 if H , hH-SFMS helix,

H − 4pNMS

2ursTdu
if hH-SFMS, H , 2ursTdu spin-flop,

MS if H . 2ursTdu FM,

s23d

whereMS is the mean value of the magnetization andH is
the value of the magnetic field.

To compare the experimental and theoretical curves of the
MCE, we may use the magnetization calculated from Eq.
s23d and the well-known expression for the MCE,

DT = −E
0

H T

Cp
SdM

dT
DdH, s24d

whereCp is the heat capacity at constant pressure.

Comparison with the experiment

Using the experimentally determined temperature
dependencies of the critical magnetic fieldsssee the
magnetic phase diagram in Fig. 13d, we first examine
the correctness of our main assumption, i.e., that the basal
plane anisotropy is small. The value of the basal plane
anisotropy constant isw=0.04 T g/emu ssee Ref. 14d.
The average values ofur u<hH-SF/2>0.3 T g/emu and
B<hH-SF− ur u>0.3 T g/emu were estimated in the vicinity
of the branching pointTbrn=127 K, where all the critical
fields coincide and are approximately equal to
hH-SF=0.6 T g/emu. We use the units of T g/emu to repre-
sent the basal plane anisotropy energy for convenience of the
calculations. The corresponding ratios are, therefore,
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uw/ r u>uw/Bu>0.1, and in the first approximation, the basal
plane anisotropy is indeed only a small perturbation.

The temperature dependence of the magnetization in a 6
kOe magnetic field is shown together with the theoretically
predicted behavior in Fig. 14. The minor anomaly at,100 K
sbetter seen in the insetd corresponds to a second-order
FM→ spin-flop phase transition. The distinct step around
123 K is associated with a first-order spin-flop→AFM trans-
formation. The calculatedMsTd curve was determined from
Eq. s23d by using the theoretically predicted temperature de-
pendence ofur(T)u. The computed values of the magnetiza-
tion were corrected for demagnetization factor,N=0.15,
which is close toN=0.2 used to correct experimental data.
The theory and experiment agree satisfactorily, facilitating
calculations of the isothermal dependencies of the magneti-
zation and MCE.

Another example comparing the measured and calculated
fEq. s23dg MsHdT is illustrated in Fig. 15. Two critical fields
are seen atT=120 K. The first one corresponds to the inflec-
tion point during the jump of the magnetization around 4.1
kOe, and it manifests a first-order magnetic transition from a
simple AFM spiral to a spin-flop phase. The second critical
field s,5.6 kOed is the change of slope due to a second-
order phase transition from the spin-flop to the FM phase.
Both features are seen as discontinuities of the derivative of
the magnetization with respect to the magnetic field, as
shown in the inset of Fig. 15, illustrating qualitative agree-
ment between the experimental data and the model.

We also comparesFig. 16d from Eqs. s23d and s24d the
measured and calculated isothermal magnetic field depen-
dencies of the MCE atT=120 K. In model calculations, the
heat capacity at 120 K was taken to be magnetic-field-
independent below 15 kOe,Cp=278 J/kg Kssee Figs. 8 and
9d. Once again, one can see a reasonable agreement between
the theorymodel and the experiment. It is important to note
that the anomalous MCE is both observed and reproduced
theoretically in the temperature interval from 110 K to 130 K

ssee Figs. 10 and 12d, i.e., where the simplification postu-
lated above is applicable. The enhanced value of the magne-
tocaloric effect is, therefore, achieved due to the presence of
the intermediate spin-flop phase.

Finally, in Fig. 17 we illustrate the part of the magnetic
phase diagram between,90 K and,160 K with the mag-
netic fields under,11 kOe applied along the easy magneti-
zation axis. The experimental critical fields, obtained from
magnetization, MCE, and ac magnetic susceptibility data are
shown together with the second critical field boundary delin-
eating the transition from the spin-flop to the FM state as
calculated from the temperature dependence of the parameter
ursTdu. The agreement in this range of temperatures is nearly
quantitative.

FIG. 14. sColor onlined The temperature dependence of the
magnetization measured along thea axis in the magnetic field of 6
kOe compared with calculated valuesfsee Eq.s23dg. The inset
shows the derivative of the magnetization with respect to tempera-
ture in the vicinity of the commensurability point.

FIG. 15. sColor onlined Magnetization of single-crystal Dy mea-
sured at 120 K between 3 and 6.4 kOe with the magnetic field
applied along thea axis compared to that calculated using Eq.s23d.
The inset shows the derivative of the magnetization with respect to
field.

FIG. 16. sColor onlined The comparison of the isothermal mag-
netocaloric effect of the single crystal of Dy atT=120 K measured
experimentally with that predicted using Eqs.s23d and s24d.
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The fan phase

An intermediate fan phase exists in the temperature inter-
val from ,125 to ,180 K in the range of magnetic fields
from ,5 to ,23 kOe when the magnetic field is applied
along the easy magnetization directionssee Fig. 13d. Its oc-
currence has been confirmed experimentally by using
magnetization,4 MCE,5 ultrasonic measurements,17 and a va-
riety of other experimental data.19 The theoretical discussion
of the origin of the fan phase has been presented in Refs. 1
and 40. However, recent ac heat capacity13 and neutron-
scattering measurements31 indicate that the assumed homo-
geneity of the fan phase region may not reflect reality. Our
heat capacity data in this temperature-magnetic fields region
ssee Fig. 8d are in good agreement with the results,13,31 and
they confirm the presence of an additional phase between
,172 and,180 K and between,12 and 25 kOe. If one
assumes similarity of Dy and Ho, it is possible to speculate
that this additional phase is similar to the so-called
“helifan” phase in Ho, theoretically predicted by Jensen and
Mackintosh.1 However, the corresponding calculations for
Dy sRef. 31d indicate that the helifan phase is unstable at any
combination of temperature and magnetic fields.

Considering Kitano and Nagamiya’s model described in
Ref. 40, one can determine the temperature boundary of the
region where the fan structure exists in a fixed magnetic field
during the helix→fan→FM phase transitions. The magnetic
field dependence of the fan anglew at low temperatures can
be written as40

sin2w

2
=

2fJsqd − Js0d − gJmBH/2Sg
f3Jsqd − 2Js0d − Js2qdg

, s25d

where Jsqd is the Fourier transformation of the exchange
integralJsRnmd, the magnetic wave vectorq is directed along
the c axis, Js0d is the value ofJsqd at the pointuqu=0, S is
the total angular momentum quantum number of a magnetic
atom,gj is the Lande factor, andmB is the Bohr magneton.

The numerator of Eq.s25d is non-negative; it decreases
with the increasing magnetic field and becomes zero at a
fixed value of the magnetic fieldHf, which corresponds to
the fan→FM phase transition,

gJmBHf = 2SfJsqd − Js0dg. s26d

It is worth noting that Eq.s26d does not explain the observed
temperature dependence of the critical field. In order to do
so, contributions from the basal plane anisotropy and the
magnetoelastic interactions need to be considered.

For convenience, one can write the denominator of Eq.
s25d in the following form:

3fJsqd − Js0dg − fJs2qd − Js0dg. s27d

Since both the left-hand side and the numerator on the right-
hand side of Eq.s25d are non-negative, the denominator on
the right-hand side of this equation should be positive. Using
the experimental data forJsqd−Js0d from Ref. 1, one can
analyze the sign of the denominator in order to establish the
critical condition when the right-hand side becomes negative
and Eq.s25d is no longer valid. As a result, there should be a
certain value of the magnetic wave vector,qcr, where for any
values ofq exceedingqcr, the conventional fan structure does
not exist. Taking into account the almost linearly increasing
temperature dependence of the magnetic wave vector ob-
tained from neutron-scattering measurements,31 it is possible
to estimate the critical temperature asTcr=172 K corre-
sponding to the value ofqcr. Hence, at temperatures exceed-
ing Tcr, the fan should disappear in any magnetic field.

The estimates mentioned above are in support of the ex-
perimentally established configuration of the magnetic phase
diagram of Dy illustrated in Fig. 13. As will be shown below,
the critical temperatureTcr=172 K also coincides with the
location of the experimentally observed tricritical point
Ttcr=172 K andHtcr=11.2 kOe.

We now discuss some differences in the behavior of the
magnetization and heat capacity as functions of temperature.
The heat capacity exhibits a maximum atT>171 K and a
slope anomaly at,180 K in both 15 kOesFig. 8d and 20
kOe magnetic fields. The magnetization, however, displays
inflection at,170 K but has no obvious anomalies around
180 K in magnetic fields of 15 kOessee Fig. 4 illustrating the
same for the nearly identical field of 14 kOed and 20 kOe.
This discrepancy leads to an uncertainty in the location of
the Néel temperature in nonzero magnetic fields.

Taking into account the model of the AFM fan structure
of Dy described above, it is easy to realize that both the
magnetization and heat capacity should reflect the changes
that may occur within the fan as both the magnetic field and
temperature vary. Thus, it is possible to assume that the typi-
cal paramagnetic dependence of the magnetization following
an inflection point in low magnetic fields indicates weakened
correlations between the ferromagnetic planes above
Tcr=172 K. In fact, Dy may become a “two-dimensional
paramagnet,” where the orientations of the ferromagnetically
ordered moments of one plane are only weakly correlated
with those in the neighboring plane. At the Néel point, which
coincides with the inflection point on the temperature depen-
dence of heat capacity, the in-plane ferromagnetic order is

FIG. 17. sColor onlined Details of the magnetic phase diagram
of Dy with the magnetic field applied along thea axis in the vicinity
of the commensurability point and the theoretically predicted
boundary delineating the second critical fieldfsee Eq.s20dg.
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destroyed and Dy becomes a conventional three-dimensional
paramagnet. Thus, in the range of magnetic fields between
15 and 20 kOe, the Néel temperature cannot be obtained
from magnetization data, and it probably should be defined
from the location of an inflection point on the temperature
dependence of the heat capacity. This interpretation, how-
ever, requires further experimental and theoretical study.

The vicinity of Néel and tricritical points

In order to refine the magnetic phase diagram near the
Néel point, we performed detailed low-field isothermal mea-
surements of the magnetization between 172 and 181 K.
These data are shown in Figs. 18 and 19. As noted earlier, the
sharp, nearly discontinuousM vs H behavior is seen at tem-
peratures as high as 174 K. Between,175 and,181 K, the

discontinuity evolves into an inflection point and the latter
disappears atTN= ,181 K. The anomalies ofMsHd at tem-
peratures closest to the Néel point are better seen on the plots
of f]MsH ,Td /dHgT, shown in the inset of Fig. 19. At
T=178.7 K, the first peak at 6 kOe corresponds to a second-
order AFM → intermediate phase transition. The anomaly
around 11.5 kOe at the same temperature manifests a second
inflection point of MsHd corresponding to a field-induced
transition from the intermediate phase region into the fan
phase.

A detailed view of the magnetic phase diagram of Dy with
the magnetic field applied along the easy magnetization axis
in the vicinity of Néel temperature is shown in Fig. 20 The
intermediate phase exists around 180 K in the range of mag-
netic fields from,6 kOe or lower to,12 kOe. The critical
fields obtained from the magnetizationssee Fig. 18 and Fig.
19d and direct MCE measurementsssee Fig. 11d are in satis-
factory agreement with one another. A similar intermediate
phase region has been reported recently by Alkhafaji and
Ali, 26 who used magnetization measurements with the mag-

netic field applied along thef112̄0g direction. The appear-
ance of the intermediate phase in the vicinity of the Néel
temperature can be explained by the presence of the so-
called “vortex” state. The formation of the vortex phase with
the magnetic field applied along thec axis of a crystal was
theoretically investigated by Kosevichet al.,24 who also
showed that the vortex state may even occur in a zero mag-
netic field.

Impurity effects

Clarifying how the purity of a specimen affects the value
of the paramagnetic Curie temperature,up, and the location
of the tricritical point, Ttcr, on a magnetic phase diagram
poses an interesting basic question, especially because of the
presence of the intermediate vortex state phase. The tricriti-
cal point is a point along a phase boundary where a first-
order transition evolves into a second-order transformation.

FIG. 18. sColor onlined The isothermal dependencies of magne-
tization of a single crystal of Dy measured between 171.8 and 175.7
K with the magnetic-field vector parallel to thea axis of the crystal.

FIG. 19. sColor onlined The isothermal dependencies of magne-
tization of a single crystal of Dy measured between 176.7 and 181.9
K with the magnetic-field vector parallel to thea axis of the crystal.
The inset shows the derivatives of the magnetization with respect to
magnetic field at temperatures close to the Néel point.

FIG. 20. sColor onlined Details of the magnetic phase diagram
of Dy with the magnetic field applied along thea axis in the vicinity
of the Néel point.
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The value ofdHcr /dT should be equal to zero atT=Ttcr. As
follows from our magnetization measurementsssee Fig. 18
and Fig. 20d, Ttcr of pure Dy is 172 K. This value is higher
than the 165 K reported in Refs. 4, 5, and 19, where the
purity of Dy was lower. Also, as easily seen from the Curie-
Weiss behavior illustrated in Fig. 21, the higher the purity of
Dy, the higher its paramagnetic Curie temperature: we obtain
up=163.3 K, while the values listed in Refs. 1, 19, and 40
are lower by several degrees Kelvin, i.e.,up=159 K.

We now recall several expressions proposed by Kitano
and Nagamiyassee Ref. 40d in order to describe the sequence
of helix →fan→FM transitions of Dy. The first equation
relates Néel and tricritical point temperature,

TN − Ttcr

TN
>

8

11

Jsqd − Js0d
2Jsqd

, s28d

where Jsqd is the Fourier transformation of the exchange
integral JsRnmd, vector q is directed along thec axis, and
J(0) is the value ofJsqd at q=0 andTN=181 K. The next
two define, respectively, the Néel and paramagnetic Curie
temperatures as follows:40

TN = 2Jsqd
SsS+ 1d

3kB
, s29d

up = 2Js0d
SsS+ 1d

3kB
, s30d

whereS is the total angular momentum quantum number and
kB is the Boltzmann constant. Using Eqs.s28d–s30d and the
experimentally determinedup=163.5 K, the location of the
tricritical point should be

Ttcr = TNF1 −
8

11

TN − up

TN
G > 168.4 K. s31d

The theoretically predicted 168.4 K is lower that
Ttcr=172 K observed experimentally in a high-purity single

crystal but it exceeds the 165 K reported for lower-purity
specimens. The temperature difference between theTtcr and
TN in a relatively pure Dy used in our study is 9 K, which is
smaller by about 3 K than the difference between the same
temperatures in a less pure metal. Therefore, it is possible to
speculate that as the material’s purity improves, the tricritical
point may approachTN. If this assumption is correct, then
some of the phase fields in this part of the magnetic phase
diagram of Dy may have a different configuration, or there
may be even fewer phase fields on the diagram. In the lim-
iting case, the AFM-fan boundary may approach the nearly
vertical AFM-PM boundary with zerodHcr /dT. Hence, the
point where these boundaries meet becomes a tricritical
point. Therefore, it is quite possible that the range where the
vortex and other unknown phases were observed nearTN will
become much narrower or even disappear in a much higher-
purity Dy sample.

Magnetocaloric effect

The temperature dependencies of the isothermal magnetic
entropy change,DSM, in the temperature interval from,70
to ,250 K with the magnetic field applied along the easy
magnetization direction in the range of magnetic field
changes from 0 to 4, 8, 12, and 15 kOe are shown in Fig. 22.
The DSM in the temperature interval from,4 to 300 K for
much larger magnetic field changes, i.e., from 0 to 20, 50,
75, and 100 kOe, is illustrated in Fig. 23. Several features
seen in the behavior of the MCE are worth mentioning. First,
the discontinuity ofDSMsT,DHd at ,90 K remains indepen-
dent of bothT andDH, although the “background” contribu-
tion to the MCE below and above 90 K continues to increase
as the magnetic field change increases. This behavior of the
magnetocaloric effect is typical of first-order phase-transition
materials and it has been predicted by Pecharskyet al.43

Second, the amplitude of the MCE discontinuity at,90 K,
dsDSMd=0.55 J/mol Kssee Figs. 22 and 23d, is in excellent

FIG. 21. sColor onlined The inverse magnetic susceptibility of
Dy measured in different magnetic fields. The lines correspond to
the Curie-Weiss fit of the data above,210 K.

FIG. 22. sColor onlined The temperature dependencies of the
low-field isothermal magnetic entropy change calculated from the
magnetization data in the temperature interval from,70 to
,250 K.
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agreement with theDStr =0.56±0.01 J/mol K atTC obtained
from direct calorimetric measurements of the solid-state
electrotransport purified Dy by Pecharskyet al.29 Third, the
negative contribution touDSMu observed just belowTN in
magnetic fields of 20 kOe and lower is consistent with the
AFM state of the metal. Finally, between 20 and 50 kOe,
there is a large increase inuDSMu at ,180 K; the magnetic
entropy change in the 100 kOe magnetic field reaches the
value of DSM =−29 J/kg K atT=TN=180 K, and between
,100 and 300 K the MCE exhibits a typical caretlike behav-
ior in magnetic fields of 50 kOe and higher. All of these
features are consistent with the FM state of Dy, which is
realized below,180 K in magnetic fields exceeding 20 kOe.

The isothermal magnetic entropy changes calculated from
the heat capacity and magnetization data for a magnetic field
change from 0 to 15 kOe with thea axis of a crystal parallel
to the field are compared in Fig. 24. The agreement is gen-
erally good, but above the Néel temperature, the MCE ob-
tained from heat capacity deviates systematically from the
MCE calculated from magnetization data. This variance in
the −DSM computed from different experimental data in the
paramagnetic region is likely related to the fact that a pro-
gressively smaller quantitysDSMd is computed by subtract-
ing progressively larger total entropies. As a result, the rela-
tive error in determiningDSM from heat capacity rises much
faster than the corresponding absolute errors. Similar sys-
tematic differences have been noted in theDTad of Gd mea-
sured directly and calculated from heat capacity data above
the Curie temperature.44

In Fig. 25, we compare the magnetocaloric effect mea-
sured directly during a magnetic field change from 0 to 10
kOe applied along thea axis with the temperature dependen-
cies of the magnetocaloric effect reported earlier.5,19 In addi-
tion to a much sharper rise of theDTad around 90 K, which
can be understood because the specimen employed in this
study has a higher purity when compared to the crystals used
in the past, there is a substantial difference in the MCE’s of
Dy in the paramagnetic state. The amplitude of the difference
is greater than the measurement errors and therefore should

not be neglected. Also important is the fact that the greatest
deviation from the previous measurements is observed in the
immediate vicinity of the Néel temperature, i.e., where short-
range correlations, such as AFM clustering, can be signifi-
cant.

In order to estimate the influence of clustering on the
magnetocaloric effect, we first calculate the MCE of Dy as-
suming the ideal paramagnetic behavior atT.TN. Magneti-
zation, MsH ,Td, of an ideal paramagnet follows the Curie-
Weiss law,

MsH,Td =
Npef f

2 H

3kBsT − upd
, s32d

where N is the number of paramagnetic atoms,kB is the
Boltzmann constant, andup and pef f are 163.5 K and

FIG. 23. sColor onlined The temperature dependencies of the
high-field isothermal magnetic entropy change calculated from the
heat capacity in the temperature interval from,5 to ,300 K.

FIG. 24. sColor onlined The comparison of the isothermal mag-
netic entropy change calculated from the heat capacity and the mag-
netization data for a magnetic-field change of 15 kOe.

FIG. 25. sColor onlined The temperature dependencies of the
magnetocaloric effect for a magnetic-field change of 10 kOe in
comparison with earlier measurements and the theoretical MCE for
Dy assuming an ideal paramagnetic behavior aboveTN.
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10.65mB, respectively. Since the heat capacity of Dy in the
paramagnetic state is nearly magnetic-field-independent at
10 kOe and belowssee Fig. 8d, it can be approximated by the
following analytical expression:

CsT,HdHø10 kOe= 220 +
125

T − 180
J/kg K. s33d

After substituting Eqs.s32d and s33d into Eq. s24d and inte-
grating, we obtain the following temperature dependence of
the MCE above TN for a magnetic field changeDH
=10 kOe:

DTadsTdDH=10 kOe= −E
0

10 T

CsT,Hd
dMsT,Hd

dT
dH

= 2.2
TsT − 180d

sT − 179.4dsT − 163.5d2 . s34d

The MCE calculated using Eq.s34d is shown in Fig. 25 as a
heavy solid line. The estimated MCE values are in excellent
agreement with our experimental data at all temperatures
aboveTN. The earlierDTad values are smaller than the cal-
culated ones, and the deviations are most obvious in the im-
mediate vicinity of theTN.

The following qualitative model can be proposed to un-
derstand the observed differences. Assuming that AFM clus-
tering can occur atT.TN, Dy may be considered as a para-
magnet with a certain amount of embedded AFM phase
sAFM clustersd above theTN. The concentration of these
AFM clusters decreases as temperature increases. Naturally,
small magnetic field changes produce a negativeDTad for an
AFM component and a positive MCE for a fraction of the
material that is in the PM state. The experimentally measured
DTad is the combined total of the two contributions. There-
fore, the higher the concentration of the AFM clusters, the
lower the observed total MCE and the greater the negative
deviation from the ideal paramagnetic behavior. The results
shown in Fig. 25 indicate that impurities enhance the AFM
clustering in Dy.

The DTad of Dy in strong magnetic fields applied along
the a axis as calculated from the heat capacity is shown in
Fig. 26. The maximum MCE is 19.4 K for the magnetic field
change of 100 kOe. Considering both the large values of the
isothermal magnetic entropy changesFig. 23d and the adia-
batic temperature change, single crystalline Dy is indeed a
promising magnetocaloric material. Its practical use, how-
ever, requires that the magnetic field change exceed 2 T in
order to eliminate the negative contributions to the MCE due
to the presence of the AFM phase.

CONCLUSIONS

As a result of measuring magnetization, ac magnetic sus-
ceptibility, heat capacity, and the magnetocaloric effect of
single crystals of Dy, we confirmed the majority of previous
findings but also report some notable differences in the be-
haviors of the magnetothermal properties, especially in the
vicinities of Curie, Néel, and tricritical temperatures. When
the magnetic field vector is parallel to thea axis of a crystal,
the refinedH-T phase diagram of Dy is more complicated
than previously thought, and it contains several new phases.
The appearance of some of these new phases has been ex-
plained by considering the Landau-Ginsburg theory of phase
transitions.
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