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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 eitheatbec 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 178-2h@ 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 ta #xés of a crystal has been
constructed and discussed.
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INTRODUCTION neously with the orthorhombic distortion of the hexagonal
close-packed structure of the metabove the Néel point,

The rare-earth metal dysprosiuidy) has one of the larg- no short-range magnetic order has been observed by neutron
est magnetic moments in the lanthanide series, which for thecattering 2 The x-ray diffraction investigation in low mag-
free trivalent ion reacheg.=9+yJ(J+1)=10.65ug, whereg  netic fields(H=<1 kOe, carried out in the vicinities of both
is the gyromagnetic factog, is the total angular momentum the Curie and Néel temperatures, revealed a broad region
quantum number, angg is the Bohr magneton. In the fer- where the AFM and FM phases coexisKida et all° re-
romagnetically ordered state, the spontaneous magnetic mperted similar observations in magnetic fields higher than 1
ment of Dy is slightly lower, i.e.m=gJ=10ug. The metal kOe. The crystallographic transition in Dy is preserved in
exhibits numerous magnetic phase transitions as temperatunenzero magnetic fields, but according to Vorob&val.®
and/or magnetic field vary. In a zero magnetic field, Dy is inthe structural distortion is shifted to a higher temperature by
the paramagneti¢dPM) state above its Néel temperature, ~3 K in a 1 kOe magnetic field when compared to that in a
Ty=180 K. At ~180 K, elemental Dy transforms into a he- zero field. This result agrees with both the magnetiz4tion
lical antiferromagnetic(AFM) phase, which is stable be- and magnetocaloric effe€MCE) (Ref. 5 data.
tween ~90 and ~180 K. At the Curie temperature, Thermal expansidi-t?and heat capacity measured in a
Tc=90 K, the metal orders ferromagneticallyM) and re-  zero magnetic field reveal additional anomalies, such as steps
mains in this state down to the lowest reported temperaturand sudden slope changes, which were explained by
of 4.2 K1~*The transition between the AFM and FM phasestemperature-dependent changes in the commensurability be-
at the Curie temperature is first-order, while that between théwveen the magnetic and crystallographic lattices. The corre-
AFM and PM states at the Néel point is a second-order transspondence between the anomalies and commensurability
formation. The intermediate fan magnetic structure emergepoints was considered by Greenougfhal 14 with the objec-
between the AFM and FM phases in a certain range of nontive to understand the nature of the complex temperature
zero magnetic fields betweer-127 and ~180 K* A dependence of the thermal expansion and elastic constants in
tricritical point on the phase diagram, where, in agreemen& zero magnetic field, and to relate the changes of the mag-
with the Landau theory the nature of the AFM» fan  netic structure studied by neutron scattering with the elastic
transition changes from first to second order, is located negroperties of Dy.
165 K5 The investigation of the magnetization in magnetic fields

In a zero magnetic field, the first-order phase transitiorranging from 0 to 20 kOe applied along the hard magnetiza-
from a helical AFM to a collinear FM state occurs simulta- tion direction, i.e., along the axis of a crystal in a tempera-
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ture interval from 4 to 300 K, was carried out by Jordan andperatures approximately 30 to 50 K above the Néel piSift.
Lee!® Magnetization, resistance, and thermal expansion Since the behavior of the heat capacity at constant pres-
studies conducted between 4 and 6.5 K enabled Wills andure, C,(H,T), as a function of temperature and magnetic
Ali 1617 to conclude that a component of the magnetic mo-field can be used to examine the nature of magnetic phase
ment along thes axis is likely present at low temperatures. transitions, several sets of experimental investigations of the
The magnetic phase diagram with the magnetic field apheat capacity of Dy have been reported to date. Specific heat
plied along thea axis (the easy magnetization directiohas ~ Was investigated by ac calorimetry from 80 to 130 K in a
been constructed using different experimental methodsz€ro magnetic fielf and in magnetic fields up to 17 k&e
These include  magnetization  ddta, ultrasonic applied along the easy magnetization directiaraxis). Un-
measurement$, ac calorimetry® magnetocaloric effectL usugal sgperheatlng durmg a first-order EMAFM transfor-
and Young's modulu&® Even though the magnetic and ther- mation in a zero magnetic field was observed by Pecharsky

29 H 30 H
mal properties of single crystalline Dy have been thoroughiy£t 8" and by Gschneidneat al*"for a solid-state electroly-

studied, additional features in the magnetism and the need %sTphlgi&egngzgxsr?ginneett')cy' hase di f 13
revise the arrangement of phase fields in the vicinity of the gnetic phase diagrams offRufs.

Néel point were noted in Refs. 13, 20, 21, 22, and 23. Som%nd 26 indicate the presence of an unknown magnetic phase

. . he so-called “fan II” phaseinside the well-known fan
of the anomalies can be explained by the occurrence of th hase region in the temperature interval frepi70 K to

intermediate vortex state, thg presence Qf which in a narroW. 180 K and in magnetic fields between 12 and 25 kOe. The
tegperature range was predicted theoretically by Kosesfich , 5y diffraction investigatiorid revealed anomalies of the
al.. in the case of the magnetic flgld yector parallel to ¢he temperature dependence of thaxis and thermal expansion
axis. As noted in Ref. 24, Dy—which is an easy plane magin this region, but both of them can be explained without
netic material—may be unstable with respect to a transforassuming the presence of an additional phase. Neutron-
mation of the original magnetic phase into a vortex magnetigcattering data reveal differences in scattering between the
state perpendicular to the basdi plane. Amitinet al®® sug-  conventional “fan” and the new fan Il phas®s.

gested that the anomalous features of thermal expansion can In the past, the magnetic and thermal properties of single-
be understood assuming the appearance of an intermediateystal Dy were studied by various authors using different
vortex structure and by considering Dy as a two-dimensionatjuality samples. The majority of known investigations were
magnetic system. The presence of the vortex state was egerformed using specimens of different, often low, purity.
perimentally verified by neutron scatterfnip a zero mag- Sometimes, impurities and their contents have not been
netic field. The location of this additional magnetic phase orfluantified. Consequently, it is rather difficult to compare the
the H-T diagram with the magnetic field vector parallel to results obtained by various authors in an attempt to develop

. . . - a clear picture describing the nature of multiple phase tran-
the [1120] direction has been investigated by Alkhafaji and sitions observed in elemental Dy as a function of temperature

Ali° using magnetization measurements. . and magnetic field. To the best of our knowledge, a thorough
_As mentioned above, the AFM PM magnetic transition iy estigation of the magnetothermal properties of this lan-
in Dy is a second-order transformation, in agreement withpanige metal employing a variety of experimental tech-
the conventional theory of phase transformations. It is suppiques with the magnetic field applied along different crys-
ported by the following experimental observations. tallographic directions in the same quality crystals obtained
(i) The H-T diagram of Dy contains a tricritical point at from a single initial batch of Dy was not conducted hereto-
T=~165K and H=~11KkOe, where the first-order fore.
AFM < FM (or AFM « fan) transition becomes a second- A comprehensive investigation of the magnetic and ther-
order transformation. Thus, at least the boundary of thenal properties of high-purity single crystals of Dy has con-
AFM « fan transition approaches the zero magnetic fielcsiderable fundamental importance because the nature of
Néel point as a second-order transformation. magnetic phase transitions may be strongly affected in the
(i) The AFM « fan transition takes place over a broad total concentration of H, C, O, N, and/or F in the studied
range of magnetic fields, and therefore has a continuousmaterial exceeds a few hundred ppm by weififts we will
character. show below, the magnetic phase diagram constructed using
(iii) The magnetic field hysteresis is absent in the rangehe results obtained from a high-purity Dy crystal contains
from the tricritical point(~165 K) to the Néel temperature several anomalous features and phases that were likely
(180 K). masked by interstitial impurities, and therefore left undetec-
Nevertheless, the presence of temperature hysteresis ndead in previous studies. Future theoretical investigations and
the AFM«< PM phase transition, detected by heat capétity neutron- and/or x-ray-scattering experiments should be con-
and other propertié3 measurements, including magnetic ducted to gain a better understanding of the nature and be-
field hysteresis of the magnetization in pulsed magnetihavior of the magnetic structure of Dy in these regions of
fields near the Néel temperatffepoints to a mixed charac- temperature and magnetic fields. Such studies are especially
ter of this phase transition. The presence of the extendeinportant because it is also known that in low-purity single
temperature hysteresis in the paramagnetic region supportsystals of Dy, magnetic phase transitions have features typi-
the notion about the existence of AFM clusters in the PMcal of the coexisting first- and second-order phase
phase matrix. Both the amount and size of these clustersansformationd?
decrease with the increasing temperature, and the paramag-In addition to furthering the basic understanding of the
netic phase becomes uniform and homogeneous only at temelationships between structure and magnetism, Dy may be
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considered a classical example of a magnetic material where The heat capacity in constant magnetic fields ranging
in certain regions of temperature and magnetic fields, a firstrom 0 to 100 kOe was measured betweefi and 350 K in
order magnetic phase transition coincides with a first-ordea semiadiabatic heat pulse calorimeter, which has been de-
structural transformatiofin a zero magnetic field both tran- scribed elsewher®. The accuracy of the heat capacity data
sitions occur at~90 K). Recent advancements in under- was better thar-0.6% in the temperature interval from 20 to
standing complex intermetallic compour@isndicate that 350 K and better thar-1% in the temperature range 4 —20
materials with combined magnetic-crystallographic transforK.
mations have a potential for practical applications, e.g., in The isothermal magnetic entropy change as a function of
energy-efficient and environmentally benign magnetic refrigtemperature was calculated from magnetization data by using
eration. Presently, compounds with coupled magnetic anthe Maxwell relation
structural phase changes are believed to be the most promis- H
ing class of materiat$=3"for future applications in magnetic ASpadT) :f (ﬂ) dH (1)
cooling and heating. & o VT /)y

In this paper, we report a variety of experimental mea-
surements, including dc magnetization, ac magnetic susceghe experimental isofield heat capacity d&g(T,H;) (usu-
tibility, magnetocaloric effect, and heat capacity, all as func-ally a total of~300 data points for each value of the external
tions of temperature and magnetic field, performed using th&nagnetic field, were used to calculate the total entropies,
identical quality Dy single crystals with magnetic field ap- Sow(T,Hi), whereH; is a fixed magnetic field,
plied parallel to either the or ¢ axes of the crystal. The T
obtained results have been compared with previously known Sota(T,Hp) = J MdT_ 2)
data and utilized in an attempt to explain the nature of the 0 T

anomalies recently reported in Refs. 13 and 31. .
In Eqg. (2), the zero-temperature entropy is assumed to be

EXPERIMENTAL DETAILS zero and independent of the magnetic field. In order to re-
duce the influence of a small variance in temperature at

The zingletﬁryi;alt Of IlDyPinvestigigtedCin :Ehis \;v?rr]k v'x\as which the measurements in differeH{ were initiated, the
prepared by the Materials Freparation L.enter at the AMEg, ., qicq| integration of Eq2) was performed beginning at
Laboratory. The major impurities in the polycrystalline metal

used to grow the single crystal via a strain-anneal proces% common lowest temperatrEy, for all magnetic fields.
) ) n h | entr w Icul follows:
were as followgin ppm at): O, 600; C, 190; F, 110; Fe, 60; ence, the total entropy was calculated as follows

and N, 50; thus the starting material was approximately Thin Ch(T,Hy) T Cp(T,H))

99.89 at. %(99.98 wt. % pure. The specimens for the dc S(otaI(TvHi):f —dT+f TdT-
magnetization and ac magnetic susceptibility measurements 0
were cut by using the spark-eroding technique from a large 3
grain and shaped as parallelepipeds with the approxima

dimensions X 2 x4 mn?. The longest axes of the parallel- _ ; . ‘ !
epipeds were parallel to either thkee or c-crystallographic to T=0 using the experimental data in the temperature inter-
Mal from ~3.5 to ~8 K and assuming that the total heat

axes of Dy. The samples for the heat capacity measurements;” =" | - X i
also extracted from a large grain, were approximately Cy"n_capa.cny}s the sum of the lattice, electronic, and magnetic
drically shaped with the height of the cylinder around 3 mm,contnbunons. It was also assumed that at low temperature
and its diameter approximately 10 mm; the and and faraway from the nearest magnetic phase transition
c-crystallographic axes were parallel to the shortest dimentTc=90 K), the contributions from the electronigT) and
sions of the two different samples. Crystallographic direc-attice (8T°) heat capacities are magnetic-field-independent.
tions were determined using the backreflection Laue techtience, magnetic field affects only the magnetic part of the
nique. The combined accuracy of the alignment of theheat capacityCy,=BT", wheren=1.5, andB is a parameter
crystallographic axes with the direction of the magnetic fielddetermined from a least-squares fit of the heat capacity
vector was=5°. All isothermal magnetization measurementsdata fromTp,, to ~8 K. Thus, the determined, B, and
reported in this paper have been corrected for demagnetiz& Were used in the interpolation froM=Tp;, to T=0 K
tion. The value of the demagnetization factor used for recalsing Cp(T,H;)=yT+ByT->+BT°. The magnetocaloric
culating the magnetization was 0.2. effect was determined as the isothernfdlS,) and the
The dc magnetization and ac magnetic susceptibility datésentropic difference$AT,y) between the two entropy func-
were measured using a Lake Shore ac/dc susceptometdigns: Syp(T,H; # 0) and Sqe(T,H;=0).
magnetometer, model 7225. Magnetic measurements were The magnetocaloric effecAT,4 was also measured di-
carried out in the range of external magnetic fields varyingectly from~77 to 300 K in quasistatic magnetic fields using
from 0 to 56 kOe and in the temperature interval from 4.5 toa home-built apparatus. The magnetic field changes ranged
300 K. The rms amplitudes of the ac magnetic fields variedrom 2 to 14 kOe and the magnetic field was generated by an
from 2.5 to 10 Oe, and the range of the ac magnetic fieldsélectromagnet. Due to the relatively large magnetic induction
frequencies was from 55 to 1000 Hz. The accuracy of thef the coil, the time of the field sweep from 0 to 14 kOe was
magnetic measurements, derived from measuring a Pt stam=2 s. The measurements were made on thermally insulated
dard, appears to be better than 1%. samples in a vacuum of1072 torr to minimize the heat

Tmin

t
'?he heat capacityCp(T,H;), was extrapolated frofi =T,
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FIG. 1. (Color online Isothermal magnetization of Dy measured FIG. 2. (Color onling Isothermal magnetization of Dy measured

between 83.5 and 122 K with the magnetic-field vector parallel Oetween 135 and 180 K with the magnetic-field vector parallel to

thea axis. The inset shows the critical magnetic fields as a functioqhea axis. The sample was heated to 25ik., the paramagnetic
of temperature. The sample was heated to 250€, the paramag- .4 anq then cooled down in a zero magnetic field to the tempera-

netic statg¢ and then cooled down in a zero magnetic field to theture of each measurement.
temperature of each measurement.

The magnetic field dependencies of the magnetization
exchange between the specimen and the surroundings. TR€NY the same crystallographic axis at higher temperatures
MCE data were usually recorded as follows. First, the temand higher magnetic fields are shown in Fig. 2. The critical
perature of the specimen was stabilized after either coolingnagnetic field required to induce the AFMFM transfor-
from ~200 K or heating from~80 K to the target tempera- Mation continues to increase nearly linearly frord to
ture in a zero magnetic field. Second, the MCE measure="11 kOe with increasing temperature and then saturates at
ments were carried out by changing the magnetic field beHc=11 kOe atT=165 K. A steplike increase in the mag-
tween zero and the desired val@@nd then back to zeyo netization is clearly observed even at 177(k0t shown in
beginning from small magnetic field increments and endind™9. 2. At 180 K, the step becomes nearly indistinguishable
with the largestAH. The zero-magnetic-field temperature of and the anomaly is reduced to a change of slope of the
the specimen was kept constant during each series of mei(H) function, which presumably corresponds to a second-
surements. We will refer to these data as the MCE measure@rder magnetic-field-induced AFM- fan transition. This
isothermally. In another approach, which we call isofieldbehavior is in good agreement with the results reported in
measurements and which may yield different results becaudgef. 2. In higher magnetic field€l1l to 22 kOg¢ and just
some phase transitions of Dy are first-order and hysteretidelow 180 K, Dy becomes ferromagnetic due to the
the MCE data were recorded after sample temperature wagagnetic-field-induced far- FM transition. The magnetic-
stabilized as described above before each magnetic fielield-induced anomaly similar to that shown for the 180 K
sweep. The magnetic field change was always from zero ttgotherm in Fig. 2 disappears above 181.5 K. The behavior of
the same nonzero field value. The equilibrium temperature dhe magnetization becomes nearly linear with field as Dy
the specimen was measured using a copper-constantan th@glopts the paramagnetic state.
mocouple before and after the magnetic field sweeps. The The magnetization along theaxis (Fig. 3) displays quite
magnetocaloric effect was determined as the difference bed different behavior, which is consistent with a hard magne-
tween the two equilibrium temperatures with7 to ~10%  tization direction. Between 120 and 180 K, anomalous but
accuracy. minor slope changes are observed in magnetic fields below

15 kOe. With increasing temperature, the location of this
MAGNETIC PROPERTIES slope anomaly moves towards the higher values of the mag-
netic field in a nearly linear fashion.

The isothermal dependencies of the magnetization of the The temperature dependencies of the magnetization
Dy single crystal measured in low magnetic fields in thealong thea axis measured in several different dc magnetic
temperature interval from 83.5 to 122 K with the magneticfields are shown in Fig. 4. Sharp reductions of the magneti-
field applied parallel to the axis are shown in Fig. 1. Dis- zation observed on heating in 3, 6, and 10 kOe magnetic
tinct metamagnetic-like steps in the magnetization correfields correspond to the temperature-induced first-order
sponding to the magnetic-field-induced first-order FM — AFM magnetic phase transitions. The cusps, seen near
AFM —FM transformation are observed at all temperaturesi80 K, correspond to second-order ARMPM transitions. A
exceeding 90 K. The critical magnetic field,,, increases weak anomaly is also observed in the vicinity of 100 K in
nearly linearly with temperature at a rdigH.,/dT) of 0.13  Jow magnetic fields, which is better visualized as the deriva-
kOe/K, see inset in Fig. 1. tive of the magnetization with respect to temperatfiexg., in
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FIG. 3. (Color onling Isothermal magnetization of Dy measured  FIG. 5. (Color onling Isofield magnetization of Dy measured on
between 50 and 185 K with the magnetic-field vector parallel to theh€ating of a zero magnetic field cooled sample frens0 to
c axis. The sample was heated to 250(ie., the paramagnetic ~250 K with a magnetic-field vector parallel to tieeaxis.

statg and then cooled down in a zero magnetic field to the tempera-
ture of each measurement. crease of the magnetization at80 reflects the first-order

FM— AFM transition occurring on heating. The maximum

a 6 kOe magnetic field, see inset in Fig. Zhe presence of Of the magnetization at-180 K coincides with the Néel
the anomalies around 100 K may be explained by the proxPoint, where a second-order transition from the AFM to the
imity of the point where magnetic and crystal structures bePM phase occurs.
come commensurate with one another. Similar anomalies The temperature dependencies of the ac magnetic suscep-
have been confirmed by our magnetocaloric effect measurdibility measured along the easy magnetization axis with dc
ments (see beloy, which also reveal the existence of an magnetic fields of 5 and 10 kOe applied along &haxis of
additional critical field in the temperature interval from 110 the crystal are presented in Fig. 6. The anomalies observed
to 125 K. when the sample was biased & 5 kOe dc magnetic fielth

The isofield magnetization measurements alongctagis ~ Minimum at 106.7 K, a maximum at 124.7 K, and a maxi-
in the temperature interval from 50 to 250 K and appliedmum at 180.2 K correspond to the anomalies in the MCE
magnetic fields of 5 and 15 kOe are illustrated in Fig. 5. Both(see below and the dc magnetizatiofsee Fig. 4 in this
curves behave anomalously between 80 and 9€hK Curie region of temperatures and magnetic fields. The minimum at

point) and around 180 Kthe Néel point The steplike de- 106.7 K is related to an intermediate magnetic phase. In the
dc magnetic field of 10 kOe, the minimum of the ac suscep-
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FIG. 4. (Color onling Isofield magnetization of Dy measured
during heating of a zero magnetic field cooled sample from 4.5 to FIG. 6. (Color onling The real component of the ac magnetic
250 K with the magnetic-field vector parallel to ta@xis. The inset  susceptibility of Dy measured on heating of the zero magnetic field
shows the derivative of the magnetization with respect to temperacooled sample from 50 to 250 K with both the ac and dc magnetic-
ture between 70 and 120 K whéi=6 kOe. The arrows point to a field vectors parallel to tha axis. The inset clarifies details around
minor anomaly observed near 100 K& 6 kOe nagnetic field. 100 K.
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FIG. 7. (Color onling The real component of the ac magnetic ~ F!C- 8. (Color onling The_ heat capacit_y of Dy betweeﬂ70_
susceptibility of Dy measured on heating of a zero magnetic fielg@nd 250 K measured on heating of a zero field cooled sample in low

cooled sample from 5 to 250 K with both the ac and dc magnetic_magne’[ic fields with the magnetic-field vector parallel to drexis.
field vectors parallel to the 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

o . . . . indicated by arrows.
tibility transforms into a weak steplike anomdkee inset in Y

Fig. 6). There are also anomalies related to the second—ord%rusp approximately corresponds to the magnetic-field-

phase transition. between ferromagnetic _and fan pha,sqﬁduced AFM—FM transitions (see Figs. 1 and )2 The
(.TE 140 K), the first-order AFM-FM magnetic p_hase transi- high-temperature anomaly splits into two when the magnetic
tion (T=153 K), and the second-order transition betweengqq is in the range of 15-25 kO@nly the 15 kOe data are
AFM and PM phasesT = 175 K) when the ac susceptibility ghown in Fig. 8.
measurements are biased by a.10 kOe dc m.agnetlc field. The heat capacity measured with the magnetic field ap-
The x;(T) data along the axis measured in a zero ex- plied along thec axis in the temperature interval 70 —200 K
ternal dc magnetic field have two peaks approximately corin the range of magnetic fields up to 15 kOe is shown in Fig.
responding to the locations of the Curie and Néel poisé® 9. Unlike when the magnetic field is applied parallel to ¢he
Fig. 7). Additional steps appear in the applied dc magneticaxis, the data presented in Fig. 9 have only two anomalies.
fields of 5, 8, and 10 kOgonly the 10 kOe curve is shown in  The sharp peak at90 K corresponds to a first-order phase
Fig. 7), and their locations on the temperature scale ascend iffansition. The magnitude of this peak decreases with in-
a linear fashion with the increasing magnetic field. In a 20Creasing magnetic field, however the suppression is not as
kOe magnetic field, the temperature dependence of the agastic as in the case when the magnetic field vector coin-
susceptibility has a characteristic maximum related to thejdes with the easy magnetization direction. As long as the

position of the AFM— PM transition and a step in the vicin- magnetic field is less than or equal to 20 kOe, its influence
ity of the Curie temperature.

1250 A ) Dy, H|l ¢
MAGNETOTHERMAL PROPERTIES
The heat capacity of single crystalline Dy in a zero mag- < 1000 - :I:
netic field (see Fig. 8 agrees with the previous i\?
measurements A sharp peak at-90 K corresponds to the }
first-order AFM—FM transition and the characteristic . 750 |
\-type anomaly at ~180 K reflects a second-order G
AFM — PM transformation. Upon application of the mag- § —@— H=0kOe
netic field parallel to the easy magnetization direction, the § soo |
behavior of the heat capacity changes considerably. The temT
perature of the sharp peak at 90 K remains nearly constant il
magnetic fields between 3 and 15 kOe but its magnitude is 550 -

gradually suppressed, especially in a 15 kOe field. The peal
completely disappears in a 20 kOe magnetic fielok shown

in Fig. 8. A second low-temperature feature—a small
cusp—develops above 90 K in low magnetic fields, and it FIG. 9. (Color online The heat capacity of Dy between70
quickly shifts toward higher temperature as the magnetiaind 250 K measured on heating of a zero field cooled sample in low
field increasegsee the inset in Fig.)8 The location of the magnetic fields with the magnetic-field vector parallel to ¢raxis.

Temperature, T (K)
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1.0

251 —0— T=111.6 K (heating) v v vV Dy, H|| a
—@— T=117.8 K (cooling) wV ®
—&— T=120.5 K (heating) v @ T=1821K

209 T=121.1 K (heating) O T=180.7K
—— T=122.3 K(cooling) A T=179.5K

v T=179.2K

—_
[4,]
L

Magnetocaloric effect, AT 4 (K)
5

o
o
Magnetocaloric effect, AT,y (K)

0.0 . L) . . .
0 2 4 6 8 10 0 5 10 15
Magnetic field change, AH (kOe) Magnetic field change, AH (kOe)

FIG. 10. (Color onling The magnetocaloric effect of Dy be- FIG. 11. (Color online@ The magnetocaloric effect of Dy be-
tween~111 and~122 K measured directly in low magnetic fields tween~179 and~182 K measured directly in low magnetic fields
with the magnetic-field vector parallel to tieeaxis. The magnetic  ijth the magnetic-field vector parallel to tkeeaxis. The magnetic
field was changed between 0 and the value specified as the absciggad was changed between 0 and the value specified as the abscissa

after the sample was either heated in a zero magnetic field frorand then back to 0 while the sample was kept at constant initial
below 90 K or zero-field-cooled from above 180 K to the tempera-temperature, as marked in the legend.

ture of the measurement as indicated in the legend. The arrows

point to low-field steps observed &&111.6 andT=117.8 K. counting for the demagnetization factor. Some discrepancies

) . o between the MCE values are observed in the temperature
on the heat capacity aroufig,=180 K is nearly negligible. nterval from 90 K to 160 K. The magnetocaloric effect mea-
~ The isothermal dependencies of the magnetocaloric effecfyred isothermally generally exceeds that obtained from the
in the region from~111 to~122 K are presented in Fig. 10. jsofield measurements, possibly due to the presence of an
Each curve displays two steplike anomalies. The low-fieldaqditional phase caused by the commensurability of the mag-
steps correspond to the magnetic-field-induced AFMM  netic and crystallographic structures. The results computed
transitions. Additional steps occur at slightly larger magnetictrom heat capacity are generally lower than those measured
fields and they are observed in the temperature interval frongjrectly in this temperature range. While a variety of reasons
105 to 125 K. The difference between the values of the Cr|t|'rnay account for the discrepancies between the Computed and
cal fields corresponding to the first step, measured after heaghe measured MCE values, including different error limits

ing and after cooling of the sample, shows temperature hysntrinsic to each techniqu¥, we believe that the observed
teresis, which is consistent with the first-order nature of the

AFM—>FM trans!t|on. T_he second steps have little, if any, ® MCE measured directly (isothermal)
hysteresis, thus indicating a second-order nature of the un 3] O MCE measured directly (isofield)
derlying transformatiorfalso see beloyv —&A— MCE calculated from heat capacity

The isothermal behavior of the MCE in the vicinity of the ét, P
Néel point is shown in Fig. 11. At and below 179.2 K, the l;;“ .‘
MCE is negative in low magnetic fields, which is due to the 5 2 e® L g
contribution from the AFM phase in this range of magnetic 2 od:'@ ooog
fields. At higher temperatures, the antiferromagnetic orderg 9.‘. o
disappears, and the magnetocaloric effect becomes positivg 1 '330

in all magnetic fields. It is, therefore, possible to define the 8
Néel point as the temperature where the MCE becomes nong
negative in weak magnetic fields. The value of the thus ob-Z
tained Néel temperature is 179.4 K. Just below the Néel tem:

perature, the MCE shows a weakly magnetic-field-dependen Dy, H|| a, AH= 10 kOe
plateaulike behaviofe.g., from~4 to ~8 kOe at 179.2 K, T T o
from ~10 to ~12 kOe at 179.5 K, and from-6 to ~8 kOe S0 00 %0 0o

. : . Temperature, T (K)
at 180.7 K. The fine features in the behavior of the MCE as

a function of magnetic-field change disappear above 182 K, F|G. 12. (Color online The magnetocaloric effect of single
where Dy is in the PM state. crystalline Dy between 50 and 200 K measured directly for a

The temperature dependencies of the magnetocaloric efagnetic-field change from 0 to 10 kOe and calculated from the
fect for a magnetic-field change from 0 to 10 kOe betweerheat capacity data collected in 0 and 10 kOe magnetic fields. In all
50 and 200 K obtained using different techniques are deeases, the magnetic-field vector was parallel to dahaxis of the
picted in Fig. 12. All of the data are presented without ac-crystal.
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25 Dy.Hlla ® MH) perature(see Fig. 13 and relevant experimental data in Fig. 1
v O AT(H) through Fig. J. Below the Curie temperature, magnetic and
0] v ; gﬂ&) vin ,,,é'" X iy Lhneifr(r)r:ﬂ gggtp:.emes indicate that the FM phase of Dy is in a
@ I @ ! o PM . .
Q ¢ Xac(T) P § ! e The anomalous behavior of the heat capacity observed
T 5] ¢ Structural Sy S E between 90 and 180 K when the magnetic field is applied
el transition? /e Fan T along thea axis (Fig. 9 is related to complex interplay of
% M , an magnetic and structural transitions between the AFM and
104 ¥ ju FM phases. The lowest temperature anomaly is a sharp peak,
§ Spin-flop ;j’ which resides at-90 K in magnetic fields up to 20 kOe. The
= ¥ Vortex second, next higher temperature anomaly, is a small cusp that
511 Te AFM in T-H coordinatege.g.,~124 K at 6 kOe and~135 K at
1 Teom Trer /Ty 15 kOe@ corresponds to the location of the magnetic-field-
0 °” / . . ) induced AFM— FM transition obtained from the magnetiza-
80 100 120 140 160 180 200 tion data. It is, therefore, reasonable to assume that magnetic

Temperature, T (K) field applied along the easy magnetization direction leads to

) ] ) _atwo-step transformation in the elemental Dy. The first is the
FIG. 13. (Color onling The magnetic phase diagram of Dy with o thorhombic to hexagonal distortion, which appears to be
the magnetic-field vector parallel to the easy magnetization d'recfnagnetic-field-independent and always occurs-80 K on
tion, i.e., 1o thea axis of the crystal. Also see Figs. 17 and 20 for poqing |n a nonzero magnetic field, this is likely to be a
enlarged portions of the magnetic phase diagram in the range of 10 ructural transition between two ferromagnetic phases of
:Zsl?é?:titje?nd 3 10 7 kOe, and 170 to 180 K and 6 to 12 koe’Dy. The second step is theaxis discontinuity(according to
P 4 Ref. 10 the discontinuity is observed at temperatures as high
] ] ~as 169 K, which is coupled with the FM+ AFM change of
differences are partially due to the fact that the heat capacithe magnetic structure as temperature and field increase.
is measured in a constant magnetic field, while the directp,s the AFM—FM transition in Dy involves an aniso-
MCE measurements require changing the magnetic fieldyopic change of the magnetoelastic interactions along the
Normally, this makes little, if any, difference unless the ma-gjyfo|d crystallographic axi&? and it appears that two struc-
terial undergoes a first-order phase transition, as does Dyyra| (an orthorhombic - hexagonal distortion and thaxis
where the first-order AFM-FM transformation can be in- discontinuity and one magneti¢AFM-FM) phase transi-
duced by low magnetic fields between 90 and80K (see  (ions coexist all in a zero magnetic field. ThuS may be
Figs. 1 and 2 considered as the lowest temperature tricritical point in the

All measured physical properties of Dy, especially thosemagnetic phase diagram of Dy.
with the magnetic field parallel to tha 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 = The magnetocaloric effect data collected between 110 and
experimental results described in this section are in good20 K reveal anomalous behavior of the isothermal MCE
agreement with those reported earlier. In particular, Dy beeurves in the range of magnetic fields from 3 to 6 k®a.
haves as a ferromagnet below the Curie temperature and a§). Similar features have been observed in low magnetic
an antiferromagnet between the Curie and Néel temperaturéiglds in the thermal expansion at 100 and 110 K, and are
in a zero magnetic field. We also detect anomalies, which cathought to be caused by the proximity of the commensura-
be associated with the intermediate fan phase during the traiility point at 113 K14 To gain further insights into the ob-
sition from the AFM to FM phase when temperature exceedserved low magnetic field anomalies and to describe the be-
~125 K and the magnetic field exceedst kOe. At tem-  havior of the critical fields betweern110 and 120 K, one
peratures above 181.7 K, Dy behaves as a conventional parean employ the Landau-Ginsburg theory. Although the
magnet. Yet, several additional anomalies have been ohheory is phenomenological, it provides a qualitative under-
served in the course of this study, thus leading to a revisiostanding of the different magnetic phase transitions irrespec-
of the magnetic phase diagram of Dy as discussed below. tive of their nature.

Commensurability effects

Theoretical analysis
AFM —FM PHASE TRANSITION . . . .
Consider the helical antiferromagnetic structure of(Ry

Magnetization and ac magnetic susceptibility measurebeled “AFM” in Fig. 13 as a set of ferromagnetic planes
ments with the magnetic fields applied along the easy magstacked perpendicular to theaxis. From one plane to the
netization direction are in good agreement with previousnext, the in-base components of the magnetic moments rotate
investigations: The Curie temperature is90 K in a zero by a specific angle, the so-called helix angle. According to
magnetic field. As temperature increases, a small magneticeutron scattering, the commensurability sets &l
field is required to induce the AFM: FM transformation and =113 K, in agreement with anomalies of the magnetic and
the value of the critical magnetic field increases with tem-thermal properties between 110 and 120 K described above.
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At Tem the nonzeroc component of the magnetic wave m2+1?=1 and (m-:1)=0. (8)
vector q and the helix anglep become, respectively, 146 o _ L
and 30°(where 7 is the length of the reciprocal-lattice vec- !f the magnetic field is applied along the easy magnetization
tor). The magnetic moment, therefore, completes the full ro axis (x direction and g, is located along the axis (z
tation over 12 sequential planes and one can consider the¥fection, then vectorsm and| should have the following

planes as an antiferromagnetic cluster consisting of six pairgomponenté?
of plfanes, .eac.h with mutually opposite ma_g.netic.moments. me=mcose, m,=msing, m,=0,
The investigation of how the commensurability point affects 9)
magnetic properties of a material was carried out in Refs. 40, I.=Ising, I,=—1cose, 1,=0
41, and 42. The case of a spiral structure with AFM ordering X Y Lo
in the basal plane was described in Ref. 42. wherem=|m| and|=|l| are the amplitudes of the vectars
For Ho and Dy, the Landau-Lifshitz function, expanded inandl.
the vicinity of the rational value ofj=[0,0,1/67], is as Considering the density of magnetic moments as the order
follows:41 parameter, one can obtain the funcfidn
2

1 ) d¢ dgy e _1 2, 2 9¢ 2de

= Vf dr{f(&n) () + W+ o) + m( e 55) 2=y dr| e oAt ) +201* ) +mhcose
dnd§> 6 }
+oyl — =2 ¢, 4 +wl° cos Gp |, (10
7( dzdz @

In Eq. (4), ¢ and 5 are the order parameters corresponding tovherel substitutes fop in Eq. (6).
clockwise and counterclockwise rotations of the magnetic Taking into account that?+12=1, minimization of the
moment in the basal p|ane, respective‘lylh o, and-y are fOIIOWing equation models the phase transitions of the
the temperature-dependent coefficients; represents the systent?
basal plane anisotropy; ard is the volume of a system. 1 de\? de
Equation(4) was obtained using full symmetry of the system ~ — = —f dr {rl2 + yl2<—) + 2012—= + mhcose
atq=[0,0,1/67]. M= Vv dz dz

The order parameteisand » represent a superposition of
the left-handed and right-handed spirals. Therefore, the two +wl®cos G‘P} — NP +12-1). 11
variables can be reduced to one complex order parafieter,

After differentiating Eq.(11) with respect top, |, m, andX,

£=p€% =& =pe’?, (5 one obtains the following series of Euler equations:
wherep is the modulugamplitude of the order parameter. S(DIM?) ¢ mh 14
In the case of an undistorted helix structure of d%qz T s = PFES + ﬁsin o+ 6W2—sin 60=0,
whereq=|q| andz is the coordinate along theaxis. ¢ Y Y
After substituting the new variable into functidd), ne- , , (12
glecting the fourth-order term, assuming tpét) is constant, A(P/IM?) _ 00 1+ lf ar y(d_ﬂl’) . Zo'd—(P
and o(r)=¢(X,y,z)=¢(z) depends only on thez ol dz dz
coordinaté!! one can obtain the following simplified func-
tion: + 3wl* cos ﬁp:| -\ =0,
1 de\? de
O==|dryrp’+ 2(—) + 20— +wp® cos 6p (.
vj { P\ gy) t20PTg, TP Cos e S(®IM2) 1
——— =00 h— | dr cos¢e—-2m\=0,
(6) om v
Equation(6) does not account for the presence of 12-plane S(DIM?)
antiferromagnetic clusters caused by the commensurability =00 m?+12-1=0,
of the crystal and magnetic structures of Dy. Thus, one must )

introduce an antiferromagnetic spiral, where the cluster i§ynerel andm are treated as constants apdo, r, andw

treated as an antiferromagnetically ordered slab. The de”SiB’epend only on temperature.

of magnetic moments inside 'zhe material in the case of the Employing the perturbation theory for small values of the

AFM spiral can be expressed*s basal plane anisotropiw) and taking into account only the
M (r)=M(m +|e9a"), (7) terms that are linear with respectwg we obtain the follow-

) o ) ing approximate solutions for Eqél2):
where M is the modulus of the magnetizatiog, is the

vector of the AFM structure inside the slab, amdandl| are () p=kz+ ﬂsin &z =1,
auxiliary vectors that satisfy the following conditions to keep 12

the density of the magnetic moments independent of the

coordinate*? m=0 (h<h,),

184410-9
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() cosp=-1, I=v1-(h/2r)2, m=-h/2r
(hy <h<hy),
() cosgp=1, 1=0, m=-1(h>hy),
(IV) ¢p=2 n(w/m—hz )+o(ﬂm> =1, |
$=2a Zylzx'X (mh)3)’ m==
<1 (h,<h<hy, (13
where the limiting values of the magnetic field are
h =2 (LM+1>_U2+O 2 14
1= |r| 772(0'2/’)/) (W )l ( )
n=|22(Z epvom)|. as
Y\Y
h3: 2|r|, (16)

PHYSICAL REVIEW B 71, 184410(2005

iy = hiese(T) = 24 (DI[B(T) + O(w)]
O  for helix — spin-flop, (19

him =hseedT) =2r(T)| O for spin-flop— FM,

(20)

for helix — FM.
(21)

In Egs. (19—21), B(T)=d*T)/¢(T) is introduced for con-
venience only because the actual temperature dependencies
of the coefficients, o, and y are unknown.

Thus, the two boundaries of magnetic transitibnssg(T)
and hge_(T) may merge into a singlby_gu(T) line on the
T-H magnetic phase diagram at a fixed temperaltzd,,,
(Tym is the branching point at 127 K between spin-flop and
FM states on the magnetic phase diagram of Fig.al®l is
defined by the condition

|r(Tbm)| = B(Tbrn) + O[W(Tbm)]- (22)

hii = hyem(T) = [r(T)[ + B(T) + O(w) O

and the modulug of the amplitude of the Jacobian elliptic By differentiating the free energy of the system with respect
function, anfz/y,y), can be found by using the energy- t0 the magnetic field, one can obtain the temperature and

conservation equation,

E 1 |2 1/2
;_<§ﬂ2(02/7)%) , E=const. (17)

Solution(13.1) corresponds to a helix phase slightly distorted
in the basal plane; solutiof13.1l) is an additional spin-flop

phase that transforms to the ferromagnetic phésIIl)
when the magnetic field exceeds the critical vatye 2Jr|.

field dependencies of the magnetizatidh,

M(H,T)
0 if H<hy.seMg helix,
H-4aNMg . .
=4 ———— if hy. <H<2|r(T)| spin-flop,
2|r(T)| HSFIVIS | ( )| p p
Mg if H>2|r(T)] FM,

(23

Solution(13.1V) corresponds to a distorted helix. Relying on
this phenomenological model, the region where the helix angvhere Mg is the mean value of the magnetization dnds

the spin-flop phases coexist is defined in terms of the criticalhe value of the magnetic field.

fields, i.e., wherh,>h;. Phas€13.1V), therefore, should not  To compare the experimental and theoretical curves of the
exist on theH-T phase diagram of Dy. As a result, the tran- MCE, we may use the magnetization calculated from Eq.
sition from the helix to the spin-flop phase is first-order, (23) and the well-known expression for the MCE,

while that from the helix to the ferromagnetic state is a H

second-order transformation. After substituting these solu- AT=—f l(d—M)dH (24)
tions into Eq.(11) and integrating over the volume of a o G\ dT ’

sample, one can calculate the free energies, . )
whereC,, is the heat capacity at constant pressure.

@ (hT) _ ()| - a*(T)
M? w1’ Comparison with the experiment
) Using the experimentally determined temperature
M:—h(ﬂ(l— h ) dependencies of the critical magnetic fieldsee the
M2 2/r(T)| + O(w) magnetic phase diagram in Fig. )13we first examine
h2 the correctness of our main assumption, i.e., that the basal

(18) plane anisotropy is small. The value of the basal plane
anisotropy constant isv=0.04 T g/emu (see Ref. 14

The average values ofr|=hy.s/2=0.3 Tg/emu and
@, (h,T) B=~hy.ge—|r|=0.3 T g/emu were estimated in the vicinity
T:‘h- of the branching poinfT,,,=127 K, where all the critical

fields coincide and are approximately equal to

After comparing the free energies of different phases, thdéy,_sc=0.6 T g/emu. We use the units of T g/femu to repre-
temperature dependencies of the critical magnetic fields resent the basal plane anisotropy energy for convenience of the
lated to the corresponding transitions are as follows: calculations. The corresponding ratios are, therefore,

~ 2r(M]+0ow)’
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350 280

Dy, H|| a ® H-=6 kOe, experiment Dy, H|| a
—— H=16kOe, theory
@® T=120K, experiment
S 280 1 —— T=120K, theory
E 3 2101
fo 3
e ey °ob, 5
Eﬁ 210 % 2 ® :E
s 6 =3 ° S 1401
& 140 - S 4 ° %
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FIG. 14. (Color onling The temperature dependence of the  riG. 15 (Color onling Magnetization of single-crystal Dy mea-
magnetization measured along thexis in the magnetic field of 6 gyred at 120 K between 3 and 6.4 kOe with the magnetic field
kOe compared with calculated valugsee Eq.(23)]. The inset  gppjied along the axis compared to that calculated using E2p).

shows the derivative of the magnetization with respect to temperarhe inset shows the derivative of the magnetization with respect to
ture in the vicinity of the commensurability point. field.

|w/r|=|w/B|=0.1, and in the first approximation, the basal
plane anisotropy is indeed only a small perturbation. . : L i
The temperature dependence of the magnetization in a gteeed 'z:altg)g(f\./eli(; anliiiglee” .m:ee;en;gﬁcse';nsgﬂjc:g??hgonig ne-
kOe magnetic field is shown together with the theoretically . PP ' . 9
predicted behavior in Fig. 14. The minor anomaly-gt00 K tocaloric effect is, therefore, achieved due to the presence of
(better seen in the ingetorresponds to a second-order (N€ INtérmediate spin-flop phase. _
FM— spin-flop phase transition. The distinct step around . Finally, in Fig. 17 we illustrate the part of the magnetic
123 K is associated with a first-order spin-flopAFM trans-  Phase diagram between90 K and~160 K with the mag-
formation. The calculate(T) curve was determined from Nnetic fields under-11 kOe applied along the easy magneti-

Eqg. (23) by using the theoretically predicted temperature deZation axis. The experimental critical fields, obtained from
pendence ofr(T)|. The computed values of the magnetiza—magnet'zat'on’ MCE, and ac magnetic s_uscept|b|I|ty data are
tion were corrected for demagnetization factdr=0.15 shown together with the second critical field boundary delin-

which is close toN=0.2 used to correct experimental data. eating the transition from the spin-flop to the FM state as

The theory and experiment agree satisfactorily, facilitatingcalculated from the temperature dependence of the parameter

calculations of the isothermal dependencies of the magnetI[(T)|'_Th,e agreement in this range of temperatures is nearly
zation and MCE. quantitative.

Another example comparing the measured and calculated
[Eq. (23)] M(H)+ is illustrated in Fig. 15. Two critical fields
are seen at =120 K. The first one corresponds to the inflec-  ,5 | Dy, Hlla, T=120K
tion point during the jump of the magnetization around 4.1 @ Experiment
kOe, and it manifests a first-order magnetic transition from ag — Model
simple AFM spiral to a spin-flop phase. The second critical 5 2.0 1
field (~5.6 kOg¢ is the change of slope due to a second- 5
order phase transition from the spin-flop to the FM phase.% 15 ]
Both features are seen as discontinuities of the derivative 0.
the magnetization with respect to the magnetic field, as®
shown in the inset of Fig. 15, illustrating qualitative agree- & 10 1
ment between the experimental data and the model.

We also comparéFig. 16 from Egs.(23) and (24) the
measured and calculated isothermal magnetic field depen
dencies of the MCE at=120 K. In model calculations, the °®
heat capacity at 120 K was taken to be magnetic-field- 090 5 ‘2'"“ ; : 3 T M
independent below 15 kO€,,=278 J/kg K(see Figs. 8 and Magnetic field change, AH (kOe)

9). Once again, one can see a reasonable agreement between

the theorymodel and the experiment. It is important to note FIG. 16. (Color onling The comparison of the isothermal mag-
that the anomalous MCE is both observed and reproducegketocaloric effect of the single crystal of Dy B 120 K measured
theoretically in the temperature interval from 110 K to 130 K experimentally with that predicted using E¢&3) and (24).

e

c
(o))
[1+]
=205 A
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15 The numerator of Eq(25) is non-negative; it decreases
Dy, H|l a . : . o
o . with the increasing magnetic field and becomes zero at a
@ First critical field, MCE (heating) . L .
O  Second critical field, MCE (heating) fixed value of the magnetic fielt;, which corresponds to
. B Second critical field, MCE (cooling) the fan—FM phase transition,
8 O Second critical field, M(H) L
< 109 A Second critical field, x4¢ ° g;ueH: =29J(q) — J(0)]. (26)
. itical fi e
k=) Second critical field from theory e It is worth noting that Eq(26) does not explain the observed
% FM ° ® temperature dependence of the critical field. In order to do
5 ———ﬁ%!’de—. so, contributions from the basal plane anisotropy and the
§ 51 maCH e magnetoelastic interactions need to be considered.
= Spin-flop 4"0 L4 For convenience, one can write the denominator of Eg.
o AFM (25) in the following form:
®
3[3(q) - I0)] - [I(29) - I0)]. (27
0 . . . . . . .
100 120 140 160 Since both the left-hand side and the numerator on the right-
Temperature, T (K) hand side of Eq(25) are non-negative, the denominator on

the right-hand side of this equation should be positive. Using
FIG. 17. (Color onling Details of the magnetic phase diagram the experimental data fa¥(q)-J(0) from Ref. 1, one can
of Dy with the magnetic field applied along th@xis in the vicinity  5na1v76 the sign of the denominator in order to establish the
of the commensurability point and the theoretically prEdiCtedcriticaI condition when the right-hand side becomes negative
boundary delineating the second critical figibe £q(20)]. and Eq.(25) is no longer valid. As a result, there should be a
certain value of the magnetic wave vectgy, where for any
The fan phase values ofg exceedingy,, the conventional fan structure does

An intermediate fan phase exists in the temperature inter20t exist. Taking into account the almost linearly increasing
val from ~125 to ~180 K in the range of magnetic fields temperature dependence of the magnetic wave vector ob-
from ~5 to ~23 kOe when the magnetic field is applied tained from neutron-scattering measureméhtsis possible
along the easy magnetization directitsee Fig. 13 Its oc- 0 estimate the critical temperature &g=172 K corre-
currence has been confirmed experimentally by usingPonding to the value df,,.. Hence, at temperatures exceed-
magnetizatiorf, MCE 5 ultrasonic measuremenitéand a va- Ing T, the fan should disappear in any magnetic field.
riety of other experimental datd The theoretical discussion ~ The estimates mentioned above are in support of the ex-
of the origin of the fan phase has been presented in Refs. Rerimentally established configuration of the magnetic phase
and 40. However, recent ac heat capd@itgnd neutron- diagram of Dy illustrated in Fig. 13. As will be shown below,
scattering measuremefitsndicate that the assumed homo- the critical temperaturd,,=172 K also coincides with the
geneity of the fan phase region may not reflect rea”ty_ Owlocation of the experimentally observed tricritical point
heat capacity data in this temperature-magnetic fields regioher=172 K andH,,=11.2 kOe.

(see Fig. 8 are in good agreement with the resdfts! and We now discuss some differences in the behavior of the
they confirm the presence of an additional phase betweefagnetization and heat capacity as functions of temperature.
~172 and~180 K and between-12 and 25 kOe. If one The heat capacity exhibits a maximumB&171 K and a
assumes similarity of Dy and Ho, it is possible to speculateslope anomaly at-180 K in both 15 kOe(Fig. 8) and 20
that this additional phase is similar to the so-calledkOe magnetic fields. The magnetization, however, displays
“helifan” phase in Ho, theoretically predicted by Jensen andnflection at~170 K but has no obvious anomalies around
Mackintosh! However, the corresponding calculations for 180 K in magnetic fields of 15 kO@ee Fig. 4 illustrating the

Dy (Ref. 31 indicate that the helifan phase is unstable at anysame for the nearly identical field of 14 kDand 20 kOe.
combination of temperature and magnetic fields. This discrepancy leads to an uncertainty in the location of

Considering Kitano and Nagamiya’s model described inthe Néel temperature in nonzero magnetic fields.

Ref. 40, one can determine the temperature boundary of the Taking into account the model of the AFM fan structure
region where the fan structure exists in a fixed magnetic fiel@f Dy described above, it is easy to realize that both the
during the helix—fan— FM phase transitions. The magnetic magnetization and heat capacity should reflect the changes

field dependence of the fan angleat low temperatures can that may occur within the fan as both the magnetic field and
be written a&® temperature vary. Thus, it is possible to assume that the typi-

cal paramagnetic dependence of the magnetization following
i2® _ 2[J(q) = J(0) — gyusH/2S] an inflection point in low magnetic fields indicates weakened
S| 2 [3J(q) - 2J(0) - J(2q)] ' correlations between the ferromagnetic planes above
T,=172 K. In fact, Dy may become a “two-dimensional
where J(q) is the Fourier transformation of the exchange paramagnet,” where the orientations of the ferromagnetically
integralJ(R,,), the magnetic wave vectoris directed along  ordered moments of one plane are only weakly correlated
the c axis, J(0) is the value of)(q) at the point|gq|=0, Sis  with those in the neighboring plane. At the Néel point, which
the total angular momentum quantum number of a magneticoincides with the inflection point on the temperature depen-
atom, g; is the Lande factor, anglg is the Bohr magneton.  dence of heat capacity, the in-plane ferromagnetic order is

(25)
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O  Additional critical fields from MCE PM
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FIG. 18. (Color onling The isothermal dependencies of magne- . . . .
tization of a single crystal of Dy measured between 171.8 and 175.7 FIG. 20. (Color onling Details of the magnetic phase diagram

. o : of Dy with the magnetic field applied along theaxis in the vicinity
K with the magnetic-field vector parallel to tlaeaxis of the crystal. of the Néel point.

destroyed and Dy becomes a conventional three'd'mens'ona|scontinuity evolves into an inflection point and the latter

paramagnet. Thus, in the range of magnetic fields betwee(gjsappears aTy= ~ 181 K. The anomalies a¥(H) at tem-

flrin?r;gazgelagaet’iOt:eda':laee;;zr?tperrggggl c;r:gglt dbbee c:jt)etﬁl:]r;e eratures closest to the Néel point are better seen on the plots
9 * P y of [oM(H,T)/dH];, shown in the inset of Fig. 19. At

from the location of an inflection point on the temperature___ :
dependence of the heat capacity. This interpretation, howT_ 178.7 K, the first peak at 6 kOe corresponds to a second-

) . , order AFM — intermediate phase transition. The anomal
ever, requires further experimental and theoretical study. around 11.ST<Oe at the samg temperature manifests a sec)(/)n d

o ) o _ inflection point of M(H) corresponding to a field-induced
The vicinity of Néel and tricritical points transition from the intermediate phase region into the fan

In order to refine the magnetic phase diagram near théhase.
Néel point, we performed detailed low-field isothermal mea- A detailed view of the magnetic phase diagram of Dy with
surements of the magnetization between 172 and 181 Khe magnetic field applied along the easy magnetization axis
These data are shown in Figs. 18 and 19. As noted earlier, tHg the vicinity of Néel temperature is shown in Fig. 20 The
sharp, nearly discontinuowd vs H behavior is seen at tem- intermediate phase exists around 180 K in the range of mag-

peratures as h|gh as 174 K. Betwee75 and~181 K, the netic fields from~6 kOe or lower to~12 kOe. The critical
fields obtained from the magnetizati¢see Fig. 18 and Fig.

100 19) and direct MCE measuremer(&ee Fig. 11 are in satis-

factory agreement with one another. A similar intermediate
T 7 phase region has been reported recently by Alkhafaji and
_s0l5 |4 | Ali, 26 who used magnetization measurements with the mag-
E 26 g2 netic field applied along th€l120] direction. The appear-
o S I R ance of the intermediate phase in the vicinity of the Néel
= 60 55 LRLGRLERE I temperature can be explained by the presence of the so-
5 called “vortex” state. The formation of the vortex phase with
_ﬁ the magnetic field applied along tleeaxis of a crystal was
g 401 theoretically investigated by Kosevickt al,?* who also
= 180. showed that the vortex state may even occur in a zero mag-
g O~ T=1809K howed that th tex stat
X T-1meeK netic field
—A— T=1787K :
201 —O0— T=177.7K
- T=1767K Impurity effects

Clarifying how the purity of a specimen affects the value
of the paramagnetic Curie temperatuég, and the location
FIG. 19. (Color onling The isothermal dependencies of magne- Of the tricritical point, Ty, on a magnetic phase diagram

tization of a single crystal of Dy measured between 176.7 and 181.90S€S an interes_ting basic_: question, especially because _of_t_he
K with the magnetic-field vector parallel to tlaeaxis of the crystal. ~ presence of the intermediate vortex state phase. The tricriti-

The inset shows the derivatives of the magnetization with respect téal point is a point along a phase boundary where a first-
magnetic field at temperatures close to the Néel point. order transition evolves into a second-order transformation.

Magnetic field, H (kOe)
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FIG. 21. (Color onling The inverse magnetic susceptibility of  FIG. 22. (Color onling The temperature dependencies of the
Dy measured in different magnetic fields. The lines correspond tdow-field isothermal magnetic entropy change calculated from the
the Curie-Weiss fit of the data above210 K. magnetization data in the temperature interval freav0 to

~250 K.

The value ofdH,/dT should be equal to zero at=T,,. As
follows from our magnetization measuremefgse Fig. 18 crystal but it exceeds the 165 K reported for lower-purity
and Fig. 20, Ty, of pure Dy is 172 K. This value is higher specimens. The temperature difference betweerTghend
than the 165 K reported in Refs. 4, 5, and 19, where thel in a relatively pure Dy used in our study is 9 K, which is
purity of Dy was lower. Also, as easily seen from the Curie-smaller by abou3 K than the difference between the same
Weiss behavior illustrated in Fig. 21, the higher the purity oftemperatures in a less pure metal. Therefore, it is possible to
Dy, the higher its paramagnetic Curie temperature: we obtaigpeculate that as the material’s purity improves, the tricritical
0,=163.3 K, while the values listed in Refs. 1, 19, and 40point may approaciy. If this assumption is correct, then
are lower by several degrees Kelvin, i.6,=159 K. some of the phase fields in this part of the magnetic phase
We now recall several expressions proposed by Kitanaliagram of Dy may have a different configuration, or there
and Nagamiydsee Ref. 4Din order to describe the sequence may be even fewer phase fields on the diagram. In the lim-
of helix —fan—FM transitions of Dy. The first equation iting case, the AFM-fan boundary may approach the nearly
relates Néel and tricritical point temperature, vertical AFM-PM boundary with zeraH,/dT. Hence, the
To_T 8 J(q) - J(0) po?nt where thes_e_ bou_ndaries_ meet becomes a tricritical
NT Ter  © Y9 , (28) point. Therefore, it is quite possible that the range where the
Tn 11 2)(«q) vortex and other unknown phases were observed Figuiill
become much narrower or even disappear in a much higher-
purity Dy sample.

where J(q) is the Fourier transformation of the exchange
integral J(R,,,), vectorq is directed along the axis, and
J(0) is the value ofJ(q) at q=0 andTy=181 K. The next
two define, respectively, the Néel and paramagnetic Curie Magnetocaloric effect

temperatures as follovfS: The temperature dependencies of the isothermal magnetic

S(S+1) entropy changeASy, in the temperature interval from 70

Tn=2J(q) , (290 to ~250 K with the magnetic field applied along the easy
3kg - e ed -
magnetization direction in the range of magnetic field
changes from 0 to 4, 8, 12, and 15 kOe are shown in Fig. 22.
0. = 2J(O)S(S+ 1y (30) The ASy in the temperature interval from4 to 300 K for
P 3kg much larger magnetic field changes, i.e., from 0 to 20, 50,

5, and 100 kOe, is illustrated in Fig. 23. Several features
een in the behavior of the MCE are worth mentioning. First,
the discontinuity oiASy(T,AH) at ~90 K remains indepen-
S : dent of bothT andAH, although the “background” contribu-
tricritical point should be tion to the MCE below and above 90 K continues to increase
8 Ty- 6, as the magnetic field change increases. This behavior of the
Tr=Tn[1- 1_1—91- =168.4 K. (31 magnetocaloric effect is typical of first-order phase-transition
N materials and it has been predicted by Pecharskyl*
The theoretically predicted 168.4 K is lower that Second, the amplitude of the MCE discontinuity-a0 K,
Tr=172 K observed experimentally in a high-purity single §(AS,,)=0.55 J/mol K(see Figs. 22 and 23is in excellent

whereSis the total angular momentum quantum number an
kg is the Boltzmann constant. Using E428)—(30) and the
experimentally determined,=163.5 K, the location of the
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FIG. 23. (Color onling The temperature dependencies of the |G, 24. (Color online The comparison of the isothermal mag-

high-field isothermal magnetic entropy change calculated from th@etic entropy change calculated from the heat capacity and the mag-
heat capacity in the temperature interval frend to ~300 K. netization data for a magnetic-field change of 15 kOe.

agreement with thaS;=0.56+0.01 J/mol K aT obtained ] .

from direct calorimetric measurements of the solid-state0t be neglected. Also important is the fact that the greatest
electrotransport purified Dy by Pecharsiyal2® Third, the _dewanqn frolml the previous measurements is observed in the
negative contribution tdASy| observed just belowly in immediate vicinity of the Néel temperature, i.e., where s.ho'rt'-
magnetic fields of 20 kOe and lower is consistent with the'a@nge correlations, such as AFM clustering, can be signifi-
AFM state of the metal. Finally, between 20 and 50 kOe fant. _ _ _

there is a large increase JASy| at ~180 K; the magnetic In order to estimate thg influence of clustering on the
entropy change in the 100 kOe magnetic field reaches thBagnetocaloric effect, we first calculate the MCE of Dy as-
value of AS,=-29 J/kg K atT=Ty=180 K, and between Suming the ideal paramagnetic behavioiTat Ty. Magneti-
~100 and 300 K the MCE exhibits a typical caretlike behay-zation, M(H,T), of an ideal paramagnet follows the Curie-
ior in magnetic fields of 50 kOe and higher. All of these Weiss law,
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 theeaxis of a crystal parallel where N is the number of paramagnetic atonkg, is the
to the field are compared in Fig. 24. The agreement is gerBoltzmann constant, and), and pe; are 163.5 K and
erally good, but above the Néel temperature, the MCE ob-
tained from heat capacity deviates systematically from the 2
MCE calculated from magnetization data. This variance in
the -AS,, computed from different experimental data in the _
paramagnetic region is likely related to the fact that a pro-< 1.5 1
gressively smaller quantityAS,,) is computed by subtract- S
ing progressively larger total entropies. As a result, the rela-2
tive error in determining\S,, from heat capacity rises much
faster than the corresponding absolute errors. Similar sys
tematic differences have been noted in g4 of Gd mea-
sured directly and calculated from heat capacity data above
the Curie temperatur¥.

In Fig. 25, we compare the magnetocaloric effect mea-& 0.0 &4 — — — — — . ————
sured directly during a magnetic field change from 0 to 10
kOe applied along the axis with the temperature dependen-
cies of the magnetocaloric effect reported eafti€rin addi- -0.5 80 120 160 200
tion to a much sharper rise of theT,4 around 90 K, which Temperature, T (K)
can be understood because the specimen employed in this
study has a higher purity when compared to the crystals used FIG. 25. (Color onling The temperature dependencies of the
in the past, there is a substantial difference in the MCE’s oinagnetocaloric effect for a magnetic-field change of 10 kOe in
Dy in the paramagnetic state. The amplitude of the differenceomparison with earlier measurements and the theoretical MCE for
is greater than the measurement errors and therefore shouly assuming an ideal paramagnetic behavior abhye

NpgffH

MH D= e (T- )

(32

—@— Nikitin et a/®
—{0— This work

—A— Tishin et al 19
—— Ideal PM

netocaloric effect
o —
o o
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10.65ug, respectively. Since the heat capacity of Dy in the
paramagnetic state is nearly magnetic-field-independent a 20
10 kOe and belowsee Fig. 8, it can be approximated by the
following analytical expression:

Dy. H|l a

—@— AH=20kOe
—0— AH=50kOe
—A— AH=75kOe
—— AH =100 kOe

—_
[4)]
L

C(T,H)n=10 koe= 220 +

kg K.

T-180 "9 33
After substituting Eqs(32) and(33) into Eq. (24) and inte-
grating, we obtain the following temperature dependence of
the MCE aboveTy for a magnetic field changeAH

=10 kOe:

o
L

Magnetocaloric effect, AT,y (K)
=)

0 1 dM(T,H)
ATafMan=10k0e=~ | == o+ dH 0

o C(T,H) dT ;
50 100 150
T(T-180 Temperature, T (K)

. (39
- _ 2
(T-179.4(T-163.5 FIG. 26. (Color onling The temperature dependencies of the

The MCE calculated using E¢34) is shown in Fig. 25 as a magnetocaloric effect of Dy as calculated from the heat capacity
heavy solid line. The estimated MCE values are in excellenfiat-
agreement with our experimental data at all temperatures
aboveTy. The earlierAT,4 values are smaller than the cal-
culated ones, and the deviations are most obvious in the im-
mediate vicinity of theTy. . o i

The following qualitative model can be proposed to un- AS & result of measuring magnetization, ac magnetic sus-
derstand the observed differences. Assuming that AFM clusS€Ptibility, heat capacity, and the magnetocaloric effect of
tering can occur at> Ty, Dy may be considered as a para- smg_le crystals of Dy, we confirmed the r_najorlty of previous
magnet with a certain amount of embedded AFM phasgmd!ngs but also report some notable Qn‘ferences_ln the be-
(AFM clusters above theTy. The concentration of these haviors of the magnetothermal properties, especially in the
AFM clusters decreases as temperature increases. Naturalfjcinities of Curie, Néel, and tricritical temperatures. When
small magnetic field changes produce a negativg, for an the ma_gnetlc field vector is parallel to t_bems of a crystal,
AFM component and a positive MCE for a fraction of the the refinedH-T phase diagram of Dy is more complicated
material that is in the PM state. The experimentally measureffl@n previously thought, and it contains several new phases.
AT, is the combined total of the two contributions. There- 1N€ appearance of some of these new phases has been ex-
fore, the higher the concentration of the AFM clusters, thePlined by considering the Landau-Ginsburg theory of phase
lower the observed total MCE and the greater the negativ&ansitions.
deviation from the ideal paramagnetic behavior. The results
shown in Fig. 25 indicate that impurities enhance the AFM
clustering in Dy. ACKNOWLEDGMENTS
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