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Magnetic phase transitions and the magnetothermal properties of gadolinium
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Physics Department, M. V. Lomonosov Moscow State University, Moscow, 119899, Russia
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~Received 5 September 1997!

A study of four Gd samples of different purities using ac susceptibility, magnetization, heat capacity, and
direct measurements of the magnetocaloric effect in quasistatic and pulse magnetic fields revealed that all
techniques yield the same value of the zero-field Curie temperature of 294~1! K. The Curie temperature
determined from inflection points of the experimental magnetic susceptibility and heat capacity is in excellent
agreement with those obtained from the magnetocaloric effect and Arrot plots. Above 2 T the temperature of
this transition increases almost linearly with the magnetic field at a rate of;6 K/T in fields up to 7.5 T. The
spin reorientation transition, which occurs at 227~2! K in the absence of a magnetic field, has been confirmed
by susceptibility, magnetization, and heat-capacity measurements. Magnetic fields higher than 2–2.5 T appar-
ently quench the spin reorientation transition and Gd retains its simple ferromagnetic structure from theTC(H)
down to;4 K. The nature of anomaly atT>132 K, which is apparent from ac susceptibility measurements
along thec axis, is discussed. The presence of large amounts of interstitial impurities lowers the second-order
paramagnetic↔ferromagnetic transition temperature, and can cause some erroneous results in the magnetoca-
loric effect determined in pulsed magnetic fields. The magnetocaloric effect was studied utilizing the same
samples by three experimental techniques: direct measurements of the adiabatic temperature rise, magnetiza-
tion, and heat capacity. All three techniques, with one exception, yield the same results within the limits of
experimental error.@S0163-1829~98!01606-3#
ti
e
s

a
n

ar
-

te
it

m
ith

th

t
a
in
n
s

ne
s
th

nd,
or-
at-

ing

o
c-
of

d
tic
tion
ly, a

ly
be

-
sed

ma-
r

ag-

ine

a-

g
in
o
.

I. INTRODUCTION

Gadolinium is the only rare earth which orders magne
cally near room temperature and is often considered to b
simple Heisenberg ferromagnet, i.e., a representative cla
cal ferromagnet. The paramagnetic↔ferromagnetic phase
transition is a second-order phase transformation. The m
netic moment of Gd is quite large and is due to the prese
of seven unpaired 4f electrons which have a total angul
momentum ofJ5L1S57/2. Gd crystallizes in the hexago
nal close-packed structure.

The magnetic properties of Gd metal have been ex
sively studied.1 According to neutron-diffraction studies,
orders ferromagnetically below the Curie point,TC
>293 K, and remains ferromagnetic down to liquid-heliu
temperatures.2 The easy magnetization axis coincides w
the crystallographic sixfold symmetry axis, i.e., the@0001#
direction in the crystal lattice, fromTC down to the spin
reorientation temperature,TSR>230 K. BelowTSR, the easy
magnetization vector departs from the@0001# direction, and
the cone angle between the sixfold symmetry axis and
easy magnetization axis changes with temperature.

The magnetic and thermal properties of Gd continue
attract attention even at the present time. First, the ph
transitions in Gd are enticing from a theoretical standpo
In particular, it is known that the magnetic phase transitio
in some heavy lanthanide metals have coexisting feature
first-order and second-order phase transformations.3 Since
Gd is considered a classical ferromagnet and it orders
room temperature, it is quite easy to carry out experiment
gain a better understanding of the nature of
570163-1829/98/57~6!/3478~13!/$15.00
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paramagnetic↔ferromagnetic phase transformation. Seco
this transformation has a potentially large practical imp
tance, specifically with regard to magnetic cooling and he
ing near room temperature. It is well known that the heat
and cooling of a magnetic material~i.e., the magnetocaloric
effect! is the largest nearTC . This occurs because the tw
opposite forces~the ordering force due to exchange intera
tion of the magnetic moments, and the disordering force
the lattice thermal vibrations! are approximately balance
near theTC . Hence, the isothermal application of a magne
field produces a much greater increase in the magnetiza
~i.e., an increase of the magnetic order and, consequent
decrease in magnetic entropy,DSmag! near the Curie point,
rather than far away fromTC . The effect of magnetic field
above and belowTC is significantly reduced because on
the paramagnetic response of the magnetic lattice can
achieved forT@TC , and forT!TC the spontaneous magne
tization is already close to saturation and cannot be increa
much more. Similarly, the adiabatic~isentropic! application
of a magnetic field leads to an increase in the magnetic
terial temperature,DTad, which is also sharply peaked nea
theTC . Therefore, a detailed experimental study of the m
netic and thermal properties of Gd are quite important.

Reports on the magnetic properties of single crystall
Gd can be found in many publications~for example, see
Refs. 4–10!. They include detailed studies of the magnetiz
tion and susceptibility near the Curie point,5 the anisotropy
of the susceptibility nearTC ,6 the magnetic moment alon
different crystallographic directions from 1.4 to 300 K
applied fields up to 2 T,7 and the magnetization from 80 t
360 K in pulse fields up to 30 T.8 However, as noted in Ref
3478 © 1998 The American Physical Society
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57 3479MAGNETIC PHASE TRANSITIONS AND THE . . .
10, the magnetic properties of Gd and other lanthanides
critically dependent on their purity, and unfortunately mo
of the studies mentioned above were performed on diffe
~in terms of the amount of various impurities! specimens. In
many cases the impurity content was unknown. Furtherm
the exact constitution of the Gd magneticH-T diagram is
still unclear. A total of four anomalies of the magnetic su
ceptibility of single crystalline Gd in zero field were noted
Ref. 3. Two of them are located near theTC , a third near
TSR, and a fourth near 140 K. The magnitude of the
anomalies is reduced upon the application of magnetic fie
The anomalies on the temperature dependence of You
modulus3 and the anisotropy constantK1 ,11 were also re-
ported near 140 K.

The heat capacity is a useful tool for studying magne
phase transitions in the lanthanide metals and their c
pounds. Theoretical and experimental investigations of
heat-capacity behavior of some Gd-based compounds ca
found in the literature, e.g., see Refs. 12–14. Usually
heat capacity at constant pressureCP(T) behaves abnor
mally near the temperature where magnetic phase transi
occur. Hence, the behavior ofCP(T,H) as a function of
temperature and magnetic field can be used to examine
nature of the magnetic phase transition. Furthermore, the
perimentalCP(H,T) data allow one to calculate the magn
tocaloric effect~MCE!.15 As far as we are aware the he
capacity in the vicinity of paramagnetic↔ferromagnetic
phase transition in polycrystalline Gd was measured from
to 355 K,16 and on single-crystal samples from 200 to 330
~Ref. 17! and from;275 to ;315 K.18 No reports on the
experimentally measured heat capacity of Gd in magn
fields, except at very low fields of 39–139 mT,18 is available
in the literature, although the MCE results calculated fro
CP(H,T) have been reported.15

One of the important characteristics of the magnetic ph
transition is the exact ordering temperature. However, as
be seen from published data, the evolution of the Curie te
perature in Gd seems to be sensibly dependent on the ex
mental technique, the magnetic and thermal history of
sample, and its purity. This is illustrated in Table I where t
values of the Curie temperature of Gd are listed in six d

TABLE I. The effect of the experimental technique and pur
on the Curie temperature of Gd from a selected list of publicatio

Experimental technique TC ~K! Purity Reference

Magnetization 292 Unknown 4
29061 99.9 wt. % 19
28962 99.9 wt. % 20

Magnetic susceptibility 29361 Unknown 5
290 99.9 wt. % 21

Neutron scattering 291 99.9 wt. % 22
Magnetocaloric effect 295 99.99 wt. % 15

293 Unknown 24
292.25 99.99 wt. % 25

Photoemission 290 Unknown 23
Heat capacity 293 99.4 wt. % 16

293.5 Unknown 17
292.2 99.9 wt. % 18
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ferent groups according to the experimental techniques u
in the various studies. The spread of reported Curie temp
ture varies from 289 to 295 K. Hence, the question about
extent to which different experimental measurements and
degree of purity of the metal alters the deduced result
mains open.

In this paper we report on a variety of experimental me
surements~including ac and dc magnetic susceptibility, d
magnetization, zero field and dc magnetic-field heat capac
and direct magnetocaloric measurements in quasistatic
pulsed magnetic fields! performed on several different G
samples. The resultant experimental data have been use
detailed analysis of magnetic phase transitions in Gd an
refine itsH-T magnetic phase diagram. Also the magneto
loric effect ~MCE! was calculated from:~1! both the magne-
tization and the magnetic heat capacity as the isother
magnetic entropy change,DSmag(T); and ~2! from the mag-
netic heat capacity as the adiabatic temperature r
DTad(T). In additionDTad(T) was measured directly. Both
DSmag(T) andDTad(T) were calculated and/or measured
a function of temperature for several fixed magnetic fie
changes from 0 toH, wherem0H varied from;0.5 to 10 T.

II. EXPERIMENTAL TECHNIQUES

The magnetocaloric effectDTad was measured from;77
to 350 K in both quasistatic and pulsed fields. The magn
field for the quasistatic measurements ranged from 0 to
and was created by an electromagnet. Due to the relati
large magnetic induction, the time of a field sweep from 0
2 T was t>2 s. The measurements were made on a th
mally insulated~in a vacuum of;1023 Torr! sample to
minimize heat exchange between the specimen and the
roundings. The equilibrium temperature of the specimen w
measured using copper-constantan thermocouple before
after the field sweep. The magnetocaloric effect was de
mined as the difference between the two equilibrium te
peratures. A detailed description of the 0–7 T pulsed fi
apparatus and the measurement procedure has been
lished elsewhere.26 The experimental errors for the two d
rect measurement techniques were estimated to be;7% for
each.26

The heat capacity in zero magnetic field and in magne
fields 2, 5, 7.5, and 10 T was measured from;3.5 to 350 K
by using a heat-pulse calorimeter which has been descr
elsewhere.27 The accuracy of heat-capacity data was;1%
in the temperature range from 3.5 to;20 K, and less than
;0.5% in the temperature range from 20 to 350 K. T
measured heat-capacity data,CP(T,Hi), ~typically a total of
;300 data points for each magnetic field! were used to cal-
culate the total entropy,Stotal(T,Hi) whereHi is a fixed mag-
netic field,m0H50, 2, 5, 7.5, or 10 T. It is well known tha
the total entropy as a function of temperature is given as

Stotal~T,Hi !5E
0

T CP~T,Hi !

T
dT1S0~Hi !. ~1!

HereS0(Hi) is the integration constant which is assumed
be field independent and equal to 0. To minimize the eff
of a varying starting temperature during the heat-capa
measurements in different magnetic fields, a numerical in

s.
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3480 57DAN’KOV, TISHIN, PECHARSKY, AND GSCHNEIDNER
gration was always performed beginning at a common lo
est temperatureTmin for all fields. Thus, the entropy wa
calculated as follows:

Stotal~T,Hi !5E
0

Tmin CP8 ~T,Hi !

T
dT1E

Tmin

T CP~T,Hi !

T
dT.

~2!

HereCP8 (T,Hi) of the first term on the right-hand side of E
~2! was extrapolated fromT5Tmin to T50 K using the ex-
perimental data measured between;3.5 and;8 K and as-
suming that the total heat capacity is the sum of the e
tronic, lattice and magnetic contributions:Ctotal5Cel1Clat
1Cmag. For pure Gd: the electronic heat capacity,Cel
5gT, with g54.48 mJ/mol K2; the lattice heat capacity
Clat5bT3, whereb is a function of the Debye temperatur
QD5169 K; and the magnetic heat capacity,Cmag5BTn,
with B51.37 mJ/mol K2.5, and n51.5 for zero magnetic
field.28 During the extrapolation we assumed that electro
~g! and lattice~b! heat-capacity constants are independen
the magnetic field and that the magnetic field only affects
magnetic heat-capacity constantB. Therefore, the value ofB
was the only parameter determined from a least-squares
higher temperature heat-capacity data~Tmin to ;8 K! and
then used in interpolation of the heat-capacity data fromT
5Tmin to T50 K.

Assuming that the errors in temperature measurements
negligible compared to the errors in heat capac
sCP(T,Hi), the errors in total entropy,sS(T,Hi), can be
estimated from Eq.~2!:

sS~T,Hi !5E
0

Tmin sCP8 ~T,Hi !

T
dT1E

Tmin

T sCP~T,Hi !

T
dT.

~3!

Hence, the errors in the entropy are also of the order
;1% in the temperature range from 3.5 to;20 K and less
than 1% ofStotal(T,Hi) at higher temperatures.

The magnetic entropy change for a magnetic field cha
from 0 to Hi was calculated from the heat-capacity data
the isothermal difference, and the adiabatic temperature
was calculated as the adiabatic~isentropic! difference be-
tweenStotal(T,0) andStotal(T,Hi). According to Ref. 15, the
corresponding errorssDSmag andsDTad are

sDSmag~T!5sS~T,0!1sS~T,Hi ! ~4!

and

sDTad~T!5sS~T,0!Y S dS~T,0!

dT D
1sS~T,Hi !Y S dS~T,Hi !

dT D . ~5!

The ac and dc magnetic susceptibility and the dc mag
tization were measured using a commercial ac
susceptometer/magnetometer, model 7225, manufacture
the Lake Shore Cryotronics, Inc. The magnetic measu
ments were made in the temperature range from 4.5 to 32
in dc fields from 0 to 5.6 T. The ac fields ranged from 0.25
1 mT ~2.5 to 10 Oe! and the ac field frequencies varied fro
-
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55 to 1000 Hz. The accuracy of magnetic measurements
not be easily estimated since no corresponding data
specified by the manufacturer, however, measurements
Pt standard indicate that the accuracy of the magnetomet
better than 1%. The isothermal magnetic entropy change
function of temperature was calculated from magnetizat
data using the Maxwell relation:

DSmag~T!5E
0

H0S ]M

]T D
H

dH. ~6!

III. SAMPLES

Four Gd samples were used in this study. Sample 1
polycrystalline sample prepared commercially in Russ
grade Gd-M1. No detailed impurity content was supplied
the manufacturer, however, chemical analyses were mad
this sample at the Materials Preparation Center~MPC! of the
Ames Laboratory and the results are given in Table II alo
with the other three samples. Sample 2: a high-purity po
crystalline Gd sample prepared by the MPC, Ames Labo
tory. Sample 3: a high-purity Gd single crystal prepared
the MPC, Ames Laboratory. Sample 4: a typical commerc
standard purity polycrystalline sample from the Peoples’ R
public of China. No detailed impurity content of sample
was supplied by the manufacturer, although the metal w
claimed to be 99.9 wt. % pure. A chemical analysis, carr
out on this specimen at the Ames Laboratory, showed
the claimed purity of 99.9 wt. % was approximately corre

TABLE II. The chemical analysis for the Gd metal sampl
used in this study. The impurity contents are listed as ppm atom
A dash indicates that the impurity level was,1 ppm atomic.

Impurity

Sample 1
Gd-M1

polycrystal

Sample 2
MPC,

polycrystal

Sample 3
MPC, single

crystal

Sample 4
China

polycrystal

H 31 540 155 63 32 300
C 2480 196 470 10 480
N 3190 90 100 4490
O 32 511 442 706 11 840
F 130 25 20 8270
Al 270 2 11 21
Si 1200 2 25 92
Cl 1300 - 12 2
Ca - - - 1000
Fe 340 36 27 170
Ni 87 3 8 25
Cu 390 2 25 450
Zn 2 - 15 -
Y 170 - - 11
Dy 77 - - 19
Lu 30 - - 55
Ta - - 170
W - 3 5 -
Overall

purity, at.%
92.63 99.90 99.85 93.06

Overall
purity, wt.%

99.49 99.99 99.98 99.68
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FIG. 1. Magnetization of a Gd single crystal as a function of field at selected temperatures~a!, and the magnetization of Gd as a functio
of temperature at selected dc fields~b! with the field parallel to the@0001# direction.
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but when one considers the purity on an atomic basis, it
only 93.1 at. % pure.

The specimens for the direct magnetocaloric eff
(DTad) measurements were shaped as parallelepipeds ha
approximate dimensions 103434 mm3 which were cut in
two pieces parallel to the longest dimension. The therm
couple was inserted between the two halves of such sl
parallelepipeds. The specimens for heat-capacity meas
ments were approximately cylindrically shaped and ha
diameter of;10 mm and a height of;3 mm. The samples
for magnetization and susceptibility studies were in the fo
of parallelepipeds with the approximate dimensions 232
34 mm3. All single-crystal Gd samples where cut from th
same large single crystal after the crystallographic axe
the sample were located using back-reflection Laue ph
graphs. The measurements on single-crystalline specim
were performed with the magnetic field parallel to the@0001#
and @101̄0# directions. The combined accuracy of the alig
ment of the crystallographic direction~s! with the direction of
the magnetic field~cutting and positioning the specimens
the sample holders! was better than65°.

IV. EXPERIMENTAL RESULTS

The magnetization of single-crystal Gd with the magne
field applied parallel to the two different crystallograph
directions is shown in Figs. 1 and 2. These data agree
with the results reported by Feron.29 Gd is ferromagnetic in
both directions with the@0001# direction being the easy axi
of magnetization at high temperatures. The paraprocess
~the field at which the magnetization is approximately sa
rated! was found to be;0.8 T parallel to the@0001# direc-
tion and;1.2 T along the@101̄0# direction at low tempera-
tures. We were unable to detect any hysteresis in
s

t
ing

-
d

re-
a

in
o-
ns

-

c

ll

ld
-

e

temperature and magnetic-field behavior of the magnet
tion of the Gd single crystals at any temperature. The exp
mental value of the saturation magnetization at 4.5 K
7.63mB per Gd atom in either field direction which is almo
10% higher than the theoretically expected value ofgJ
57.0mB .

The ac susceptibility of the Gd single crystals in the tw
different directions is shown in Fig. 3. Its behavior is ind
pendent of the ac field frequency and the amplitude. T
most distinct differences in the ac susceptibility behavior
observed in the region betweenTSR and TC , which can be
explained by the rotation of easy magnetization axis. T
small decrease in the susceptibility in both directions at l
temperatures is probably due to the nonlinear dependenc
the cone angle between the easy magnetization axis andc
axis of the crystal. The temperature dependence of the
susceptibility with a bias dc field applied parallel to th
@0001# direction is shown in Fig. 4, while Fig. 5 presents th
same data with the dc field parallel to the@101̄0# direction.
These results are similar to those reported by Aliev, K
milov, and Omarov.9 One can see that the Curie temperatu
increases with the increasing dc field and this tendenc
maintained for both crystallographic directions.

The heat capacity was measured for three differ
samples~polycrystalline samples 2 and 4, and the sing
crystal sample 3!. The zero magnetic-field data are shown
Fig. 6 together with that reported by Griffel, Skochdopo
and Spedding.16 As can be seen, the heat capacity of both
the Ames Laboratory~MPC! samples~2 and 3!, which are
similar, with respect to the amount of impurities, agrees v
well. The two curves are practically indistinguishable fro
;3.5 to;350 K except near theTSR, see the following two
paragraphs. The temperature and the height of the
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FIG. 2. Magnetization of a Gd single crystal as a function of field at selected temperatures~a!, and the magnetization of Gd as a functio
of temperature at selected dc fields~b! with the field parallel to the@101̄0# direction.
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nouncedl-type anomaly which is observed near the Cu
temperature are the same within the experimental accu
indicating that both samples order at exactly the same t
perature. A significant reduction of the purity of the samp
~see the curve for sample 4! causes a distinct change in th
behavior of the heat capacity. The maximum of thel-type
anomaly is sharply reduced in the magnitude (;10%) and

FIG. 3. The ac magnetic susceptibility of Gd single crystals w
the ac field parallel to the@0001# and @101̄0# directions.
cy
-

temperature (;5%). An excess heat capacity appears b
tween;70 and;286 K and above;300 K. This is most
likely associated with the straining of the crystal lattice a
the weakening of the exchange interactions by the la
amount of interstitial impurities present in the sample~see
Table II!, which leads to a reduction of the Curie temperatu

FIG. 4. The ac magnetic susceptibility of a Gd single crystal
bias dc fields with the ac and dc fields parallel to the@0001# direc-
tion.
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and to notably larger spin fluctuations both above and be
the Curie temperature. It is not surprising that the heat
pacity of the sample measured by Griffel, Skochdopole,
Spedding16 ~also an Ames Laboratory sample prepared
1953 by one of the authors of this paper, K.A.G., Jr.! gener-
ally falls between the two extreme cases~the clean Ames
Laboratory samples and the impure commercial Gd!. The
heat capacity reported by these authors is closer to tha
samples 2 and 3 since the purity~in at. %! of that specimen
was much better than the purity of the commercial me
~sample 4!, although it was lower than the purity of the tw
Ames Laboratory MPC’s specimens used in this study. T
major impurities in the metal used by Griffelet al. were Ta,
Sm, and Y~the interstitial impurities were probably quit
high, but at that time they were difficult to measure!, while
the major impurities in the commercial sample 4 were
interstitials~H, C, N, O, and F!. The upturn in the heat ca
pacity of the commercial Gd at low temperature~see the
inset of Fig. 6! is associated with the high amount of oxyg
impurity, and is due to the presence of Gd2O32x which or-
ders magnetically at;2.6 K or at;3.7 K depending on the
stoichiometry and the crystal structure of the oxide.30

The magnetic heat capacity~in fields of 2, 5, 7.5, and 10
T! was measured on specimens 2, 3, and 4. The heat cap
of single-crystal samples was also measured with the m
netic field applied parallel to the@0001# and @101̄0# direc-
tions. Contrary to the distinct differences observed in m
netization and susceptibility, the differences between
heat capacity of single-crystal samples with magnetic fi
applied along the different crystallographic directions, if an
were smaller than the experimental errors. This may be
tially due to the fact that the magnetocrystalline anisotropy
Gd is quite small, and that the lowest magnetic field used

FIG. 5. The ac magnetic susceptibility of a Gd single crysta
bias dc fields with the ac and dc fields parallel to the@101̄0# direc-
tion.
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measure heat capacity~2 T! was already too large to revea
any possible differences in the magnetic heat capacity~note
that the differences in magnetization and susceptibility a
tend to disappear as magnetic field rises, see Figs. 1, 2
and 5!. A second reason is that the measured heat capaci
always a combined total of at least three contributions: e
tronic, lattice, and magnetic, and therefore, a relatively sm
difference due to the effect of the magnetic field on the m
netic entropy when applied in different crystallographic d
rections would be practically invisible when overlapped w
the much larger field-independent lattice heat capacity.

Figure 7 displays the heat capacity of the Gd single cr
tal in magnetic fields up to 10 T applied parallel to th
@0001# direction. The magnetic field has a pronounced eff
on thel-type maximum: it is considerably broadened and
shifted to higher temperatures as the magnetic field
creases. This behavior is typical for ferromagnetic materi
The sample purity has practically the same effect on
magnetic heat capacity as on the zero-field heat capacity~see
Fig. 6!. A small heat-capacity anomaly exists in the ze
magnetic-field data near;220– 225 K, but it is wiped out by
magnetic fields as low as 2 T~see the inset of Fig. 7!. It is
only observed in the heat capacity of the two single-crys
samples and it is indistinct in the heat capacity of the Am
Laboratory polycrystalline Gd sample 2, even though the
ter has lower overall and interstitial impurity contents th
the single crystal.

The adiabatic temperature change~i.e., the magnetoca
loric effect, MCE! was measured on three different sampl
1, 2, and 4. The low-field~0–2 T! results for sample 2 in
quasistatic and pulse magnetic fields are shown in Fig
together with the MCE calculated from the magnetic he

FIG. 6. The zero magnetic-field heat capacity of different G
samples. The heat-capacity data have not been smoothed an
shown in a form of lines for clarity. The inset clarifies the low
temperature behavior asC/T vs T plot.
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FIG. 7. The heat capacity of single-crystal Gd with the magne
field applied parallel to the@0001# direction. The inset clarifies the
details near the spin reorientation transitionTSR. The error bars are
shown for the zero-field heat capacity in the inset. The arrows p
to the anomaly atTSR.

FIG. 8. The magnetocaloric effect in Gd measured directly
quasistatic and pulsed fields~filled symbols! compared with that
calculated from the heat capacity~opened symbols! for a magnetic
field change from 0 to 2 T. The error bars on the right-hand side
the figure indicate the uncertainty in the direct measuremen
(67%).
capacity measurements. The best agreement between th
sults obtained using three different techniques is observe
the temperature range from;220 to;330 K. However, the
direct MCE results agree quite well with MCE values calc
lated from the heat capacity when considering the error l
its of both measurements even outside this tempera
range. The maximumDTad of ;5.8 K is observed at
;295 K which is close to the Gd Curie temperature. T
magnetocaloric effect for a larger magnetic field chan
~from 0 to 7.5 T! is shown in Fig. 9 for the same sample~2!
together with several data sets reported in the literature
the same magnetic field change for different Gd samp
The agreement is again quite good, well within the expe
mental error limits of the two techniques, and the maximu
MCE of ;15 K also occurs at;295 K. The magnetocaloric
effect rises as the magnetic-field change increases. The M
rise is, however, a nonlinear function of the magnetic fie
which is illustrated in Fig. 10 where the field dependence
the maximum of the MCE, which occurs close to the Cu
temperature, is shown. At lower magnetic fields the spec
magnetocaloric effect rate change atT>TC is close to 3 K/T,
and it is reduced to;2.2 K/T at 5 T and to;1.8 K/T at 10
T.

Figure 11 illustrates the effect of impurities on the ma
netocaloric effect in Gd. The MCE measured directly on t
high-purity sample from Ames Laboratory~2! is approxi-
mately equal to that of the sample prepared in Russia~1!.
Both the temperature of the MCE peak and its behavior a
function of temperature are similar for those two sampl
The MCE of the commercial purity Gd~sample 4! is dis-

c

nt

f

FIG. 9. The magnetocaloric effect in Gd measured directly i
pulsed field compared with that calculated from the heat capa
for a magnetic field change from 0 to 7.5 T. Results from Refs
and 31 were obtained on samples of different purities and
shown for comparison. The error bars on the right-hand side of
figure indicate the uncertainty in the direct measuremen
(67%).
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tinctly lower, well outside the experimental error. The low
ering of the MCE peak temperature was expected from
heat-capacity results~e.g., see Fig. 6!, but the reduction of
DTad is surprisingly rather large. This is particularly puzzlin
when one compares the MCE’s calculated from the heat
pacity for samples 2 and 4, which are quite close, wit
experimental error, see Fig. 11. This is also puzzling fr
the fact that sample 1 is slightly more impure than sample
but its DTad is in good agreement with the pulse field a
heat-capacity values for the high-purity Gd sample~2!. Ex-
amination of the impurity contents reveals that the oxyge
;3 times larger in sample 1 than in sample 4, while t
carbon content is;4 times, and the fluorine content is;60
times larger in sample 4 than in sample 1. It is obvious t
O does not cause this diminution inDTad, but either C or F
is the culprit. Both O and F are present as compoun
Gd2O32x and GdF3 in the Gd metal matrix segregating o
grain boundaries, but C is known to dissolve in Gd. W
believe that the dissolved interstitial carbon has a strong
fluence on the results obtained in a dynamic pulsed field~i.e.,
direct MCE measurements! as compared to the static fiel
~heat-capacity! measurements. As already noted above,
interstitials not only interfere with the exchange interactio
but they also strain the crystal lattice significantly. It is qu
possible that a strained lattice complicates the coupling
magnetic atoms with the magnetic field, and this is parti
larly critical for the short duration of the pulse,;0.2 s~Ref.
26! ~and obviously the maximum field values last just a fra
tion of this time!. Therefore, this short time period is suffi
cient to induce a full response of the nonstrained lattice
magnetic ions, and thus measures the MCE correctly in p
materials. However, the pulse time is probably too short
an adequate response of the magnetic atoms to yield the
rect MCE in strained lattices which contain a large amo

FIG. 10. The magnetocaloric effect atT>TC for polycrystalline
Gd as a function of the magnetic field change from 0 toHi .
e
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of dissolved interstitial impurities. This result correlates w
with an earlier study of the effect of a controlled amount
carbon in polycrystalline Gd,32 where the authors showe
that randomly distributed interstitial carbon significant
changes the magnetothermal properties of the metal.

V. DISCUSSION

A. Paramagnetic↔ferromagnetic phase transition

First we will discuss the question about the determinat
of the exact Curie temperature of Gd. Besides the confirm
the fact10,32 that the ordering temperature depends on
amount of impurities in the metal~see Fig. 6!, it is also
important to examine the effect of how the different expe
mental data are analyzed, which may have an effect on
final result with regard to the value of the Curie temperatu
The results of different approaches to determining the Cu
temperature for the two single-crystal samples along b
crystallographic directions based on different experimen
techniques utilized in this work are listed in Table III.

It is well known that the Curie temperature in zero ma
netic field is rigorously defined as a temperature where
spontaneous magnetization, and hence, the magnetic o
parameterh experiences the fastest change as a function
temperature. Then, if one can measure magnetic suscep
ity or magnetization in zero magnetic field, the temperat
where susceptibility or magnetization increases~decreases!
most rapidly would be an adequate representation of the
rie point. Usually if any propertyP varies as a function of
temperature, then the location of the inflection point~i.e.,
where]2P/]T250! corresponds to the fastest change o
given property with the temperature and determines

FIG. 11. The magnetocaloric effect as a function of temperat
measured in a pulsed magnetic field from 0 to 2 T for three different
samples. The error bars on the right-hand side of the figure indi
the uncertainty in the pulsed field measurements (67%).
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TABLE III. The paramagnetic↔ferromagnetic ordering temperature~estimated standard deviation in th
last significant digit is given in parentheses! of single-crystal Gd as determined from different experimen
data.

m0H50 T m0H52 T m0H55 T m0H57.5 T m0H510 T
ic ia ic ia ic ia ic ia ic ia

ac magnetic
293~2! 293~2!

susceptibility
Magnetization 297~2! 296~2! 306~3! 307~3! 322~5! 324~5!

~0.2 T! ~0.2 T!

MCEa

~maximum!
294~1! 295~1! 310~1! 310~1! 326~3! 336~3!

Heat capacityb

~maximum!
291~1! 291~1! 290~1! 290~1! 292~1! 293~1! 295~2! 302~3!

Heat capacity
~inflection!

294~1! 294~1! 310~1! 309~1! 329~2! 327~3! 341~3!

Thermodynamic
method
~Arrot plot!

295~1! 295~1!

aThe ordering temperatures listed in this row are determined from the maximum magnetocaloric
observed when magnetic field was changed from 0 tom0H52 T ~columnm0H50 T!, from 2 to 5 T~column
m0H52 T!, from 5 to 7.5 T~columnm0H55 T!, and from 7.5 to 10 T~columnm0H57.5 T!.

bThe heat capacity with the magnetic field parallel to thea axis was not measured in magnetic fields high
than 5 T because the sample in the calorimeter was twisted by fields higher than 5 T.
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phase-transition temperature, provided all other thermo
namic parameters are kept constant. This approach coul
used to determine ordering temperature in a nonzero m
netic field, in which case position of the inflection point co
responds to the temperature of the fastest transformatio
magnetic structure and/or transition between short- and lo
range magnetic order. Since the ac susceptibility was m
sured in low ac fields~0.25 to 1.0 mT!, then it is possible to
assume that such a low magnetic field does not affect
magnetic order parameter and thus,TC from the ac suscep
tibility ~Table III! calculated as the temperature of the infle
tion point represents the Curie temperature in zero magn
field. The same technique was used to determine the fe
magnetic ordering temperature from magnetization meas
ments in essentially nonzero magnetic fields, the second
in Table III. Note, that since theTC from the magnetization
was calculated from the experimental data measured in 0
field, then the result should not be directly compared w
that obtained in zero field. Next, as discussed in the In
duction, the MCE is maximum at or close to the appropri
magnetic phase-transition temperature of the magnetic m
rial because this maximum corresponds to the fastest ch
of the material’s temperature as a function of field. Thus,
next row in the Table III shows the Curie temperature de
mined as the temperature where the maximum MCE occ
The MCE maximum for nonzero magnetic fields~i.e., the
ordering temperatures in nonzero magnetic fields! was deter-
mined as the point where MCE peak is observed for m
netic field change fromH1 to H2 . HereH1 is the lower field
andH2 is the upper field. Hence, for the column displayi
the ordering temperature atm0H52 T the lower field is 2 T,
etc. The next row displays the temperature where the h
capacity maximum in different magnetic fields occurs. It h
been suggested by Schmitt and co-workers,13,14that the mag-
netic ordering temperature is most adequately represente
y-
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the temperature where the heat capacity changes most
idly, i.e., by the temperature of the heat-capacity inflect
point above the heat-capacity maximum. Therefore, the
propriate calculation results are listed in the row entitl
‘‘Heat capacity~inflection!.’’ Finally, the last row lists the
thermodynamic Curie temperature in zero magnetic fi
which was determined using magnetization data by the th
modynamic method from Arrot plots.33 The paramagnetic-
to-ferromagnetic magnetic ordering temperature at h
magnetic fields was determined in the same manner a
zero field—the inflection points for magnetization and he
capacity, and the maximum for the MCE. For the purpo
of this paper we will still call this point the Curie tempera
ture. The ac susceptibility in bias dc magnetic field 2 T was
not measured. Since the upper temperature limit of our m
netometer was not high enough to estimate the Curie t
perature from the ac susceptibility in magnetic fields.2 T
~see Figs. 4 and 5!, the appropriate data are not listed
Table III.

The first conclusion which is immediately obvious fro
an analysis of the data listed in Table III is that the tempe
ture of the heat-capacity maximum does not correspond
the magnetic ordering temperature and it is always low
than the actualTC . To the contrary, the heat-capacity infle
tion point and those determined from different experimen
data~other than the magnetization data taken at 0.2 T! agree
quite well, within 61 K. Hence, within the accuracy of ex
periment the ferromagnetic ordering in single-crystal G
with overall purity listed in Table II occurs at the same Cu
temperature,TC5294(1) K, in zero magnetic field. As th
magnetic field rises, the ferromagnetic ordering in Gd occ
at a higher temperature. Single-crystal Gd orders at 297~2! K
at 0.2 T; 309~2! K at 2 T; 326~4! K at 5 T, and 339~5! K at
7.5 T independent of the single-crystal orientation in t
magnetic field. The field dependence of the ordering te
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perature is close to linear in magnetic fields between 2
7.5 T with the slope of;6 K/T, but has a higher slope below
2 T. This increase in the ferromagnetic ordering tempera
of Gd with increasing dc field is expected since a stro
magnetic field should assist the alignment of the magn
moments. The fact that there is no apparent difference
tween the ordering temperature when the single cry
changes its orientation with regard to the direction of
field is indicative of the easy rotation of magnetic domains
the studied specimens, which is consistent with the high
rity of Gd, and the small magnitude of the magnetic anis
ropy energy.

B. The spin reorientation transition and ac susceptibility

An analysis of the behavior of the ac magnetic susce
bility along the@101̄0# direction~Fig. 3! and the heat capac
ity in zero magnetic field~Fig. 7! suggests that the temper
ture of the spin reorientation transition is 227~2! K, which is
close to the reported value of 230 K.2 Our experimental data
unfortunately, do not permit us to make a conclusion ab
the exact effect of the dc magnetic field on the spin reori
tation transition. Nonetheless, as can be seen in Figs. 4 a
a dc magnetic field has a different effect on a susceptib
anomaly associated with spin reorientation depending on
orientation of the magnetic field. First, theTSR, where the
easy magnetization axis starts to depart from the@0001# di-
rection, seems to be suppressed from 227 K down
;214(3) K by 0.5 T dc field applied parallel to the@0001#
direction and the corresponding anomaly becomes indis
guishable when the field is either less than 0.5 or increase
1 T. Second, it is known2 that in zero field the cone angl
between the@0001# direction and easy magnetization ax
decreases nonlinearly as the temperature decreases st
from ;180 K. Hence, the low-temperature anomaly~at
;132 K! in the ac susceptibility in a 0.5 T bias dc field, Fi
4, is probably indicative of the change of the easy magn
zation axis by an increasing magnetic field. This is also s
ported by the fact that the higher dc field of 1 T shifts this
low-temperature anomaly from 132~2! to 142~3! K ~the tem-
peratures are determined from the corresponding inflec
points!. As mentioned above, the higher dc magnetic fie
~2 T from heat capacity, and 2.5 T from ac susceptibili!
eradicate the differences between the behavior of Gd in
ferent crystallographic directions. This suggests that at m
netic fields higher than 2–2.5 T Gd remains ferromagne
from the Curie temperature down to at least 4.2 K witho
changing the easy magnetization axis, i.e., the spin reor
tation transition switching the easy magnetization axis fr
the @0001# to the@101̄0# is completely quenched by magnet
fields larger than 2–2.5 T.

The ac susceptibility anomaly which occurs at;132 K in
0.5 T magnetic field~Fig. 4! closely resembles that observe
earlier in zero-field dc susceptibility~see Fig. 2.1 from Ref.
3!. That is, the anomaly disappears as the dc field increa
which is consistent with our results. The abnormal behav
of Young’s modulus in zero field34 and other properties o
single-crystalline Gd in the vicinity of this temperature ha
also been observed.3 Tishin and Martynenko3 have suggested
that this behavior is associated with the existence of a lo
minimum of magnetic anisotropy energy which can lead
d
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an anomalous dependence of the angle between the@0001#
direction and the magnetic moment.

Increasing the bias dc magnetic field causes the deve
ment of a distinct maximum~at ;300 K! in the behavior of
the ac susceptibility~Figs. 4 and 5! which is apparently as-
sociated with the ferromagnetic↔paramagnetic transition
since it is shifted to higher temperatures as the field
creases. However, since the temperature of the maximu
notably higher~by ;20 K! than the ordering temperatur
determined from the other experimental data~see previous
section and Table III!, then it is most likely due to changes i
the short-range magnetic order just above the magnetic p
transition. The rapid rise of the ac susceptibility along@0001#
direction, Fig. 4, in the 0.5 T dc field just belowTC is quite
different from the ac susceptibility along@101̄0#, Fig. 5, in
the same dc field of 0.5 T. Correspondingly, we see a la
difference in the ac susceptibilities along the two directio
for the data measured at a 1 T dcbias field. But at 2.5 T the
temperature dependences of the ac susceptibilities are
again similar for the two orientations. The origin of this di
ference is not completely understood without the availabi
of direct studies of the magnetic structure.

C. Magnetic heat capacity

Assuming that the dc magnetic field affects only the ma
netic part of the heat capacityCmag, one can compare the
experimentally observed effect with that calculated theor
cally from molecular field theory.3 The results are displaye
in Fig. 12 in the form of the difference between experimen
heat capacity at zero magnetic field and that at 10 T toge
with the theoretically predictedDCmag from the mean-field

FIG. 12. The effect of the magnetic field on the change of
heat capacity of single crystal Gd in a field of 10 T relative to ze
field as compared to the theoretically predicted values from me
field theory~MFT! for a field 10 T.
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theory for a magnetic field 10 T. As is obvious from Fig. 1
the agreement is quite good at temperatures well below
well above (.625 K) the paramagnetic↔ferromagnetic
phase transition in zero field, and near the phase trans
there is a qualitative agreement between experiment
theory. Furthermore, the theoretical prediction does not
count for the small anomaly due to spin reorientation tran
tion at ;227 K.

D. Magnetocaloric effect

Experimental measurements of the MCE using differ
techniques revealed that within the experimental accurac
is independent of the crystal orientation in magnetic fie
stronger than 2 T. The adiabatic temperature rise in the
single crystal with the magnetic field applied parallel to t
@0001# is shown in Fig. 13. The open symbols representDTad
as calculated from magnetic heat-capacity data for a fi
change 0–2, 0–5, 0–7.5, and 0–10 T and the filled symb
represent that measured directly in pulse fields 0–2 and
T. The dotted lines in Fig. 13 delineate the range of e
mated errors inDTad as determined from heat capacity usi
Eq. ~5!, and the error bars on the left side of the figure in
cate the error limits in the direct measurements. The a
batic temperature change in single-crystal Gd compares
with that measured on our polycrystalline samples and
reported by other groups.35–38

As noted above, the MCE calculated from heat capa
agrees quite well with that measured directly in pulse fiel
especially when considering the uncertainties of the t
techniques. However, if one ignores the error limits of t
two measurements, a consistent behavior is observed
directly measured values lie below the heat-capacity data

FIG. 13. The magnetocaloric effect in single crystal Gd with t
magnetic field applied parallel to the@0001# direction. The error
bars on the left-hand side of the figure indicate the uncertaint
the direct measurements (67%).
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sults at the highest temperatures~see Figs. 8, 9, and 13!. The
most likely reasons which can account for this difference
as follows. First, as can be seen from Eq.~5!, the experimen-
tal errors inDTad calculated from heat capacity are direct
proportional to the errors in the total entropy@i.e., to the
experimental errors in heat capacity, Eqs.~5! and ~3!#, and
they are inversely proportional to the slope ofS(T,Hi) curve
as a function of temperature. It should be noted, that
experimental errors inCP(T,H) do not change radically a
higher temperatures, i.e., they remain at the same;0.5%
level. Accordingly, there is no sharp increase of the errors
total entropy. However, the slope ofS(T,Hi) is significantly
lower above the Curie temperature, i.e., when the heat ca
ity reaches its maximum and starts to decrease@see Eqs.~1!
and ~2!, and Figs. 6 and 7, and noting thatdS/dT5C/T#.
Indeed, this slope reduction lowers thedS/dT terms in Eq.
~5! and rises the overallsDT. Therefore, the experimenta
errors in DTad(T) become inherently larger immediate
above the Curie temperature where the slope ofS(T,Hi)
curve decreases.

Second, since the measurement time in the pulse-fi
technique for the direct measurements ofDTad is quite short
(;0.2 s), the samples are not thermally insulated.26 How-
ever, the thermal conductivity of Gd is larger in the parama
netic state compared to that in the ferromagnetic state. Th
fore, this increase in thermal conductivity may lead to larg
thermal losses above the Curie temperature due to the
exchange with the surrounding air and radiation losses, t
lowering the observedDTad value.

The isothermal magnetic entropy change in Gd with
magnetic field parallel to the@101̄0# direction is shown in
Fig. 14. As with the adiabatic temperature rise, theDSmag(T)
is close to that measured earlier on polycrystalline samp

in

FIG. 14. The magnetic entropy change in single crystal Gd w
the magnetic field applied parallel to the@101̄0# direction as deter-
mined from heat-capacity and magnetization measurements.
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of different purity.8,15,37–39TheDSmag(T) values were calcu-
lated from heat-capacity data~open symbols! as the isother-
mal difference betweenS(T,H50) and S(T,Hi) for Hi
equal to 2 and 5 T. The dotted lines represent margins
experimental errors inDSmag from the heat-capacity data
@Eq. ~4!# for magnetic field change 0 to 5 T. Unlike th
DTad, the errors calculated from the heat capacity forDSmag
do not rise when temperature exceeds the Curie tempera
and the errorsDSmag remains approximately the same fo
any magnetic field change. The results from magnetiza
data~filled symbols! were obtained by numerical integration
Eq. ~6!. The excellent agreement between the results
tained from magnetization and from heat-capacity measu
ments is obvious.

VI. CONCLUSIONS

As a result of experimental studies of the magnetic a
thermal properties of four different samples of Gd we co
firm that purity plays an important role in obtaining the in
trinsic properties. The large amount of impurities typica
found in commercially designated ‘‘99.9 wt. % purity’’ Gd
lowers the Curie temperature and also broadens the temp
ture range of the paramagnetic↔ferromagnetic transition,
while masking the spin reorientation transition which is o
vious in much higher-quality single-crystalline samples. B
combining the results from magnetization, ac susceptibil
heat-capacity, and direct magnetocaloric effect meas
o

p
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e-

d
-

ra-
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,
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ments, we found that in zero magnetic field the Curie te
perature of Gd equals 294~1! K and that the spin reorienta
tion temperature is 227~2! K. We found that between 2 and
7.5 T, TC in Gd increases by;6 K/T, with the increase of
the Tc with the magnetic field being approximately linea
The spin reorientation transition appears to be quenched
tirely by magnetic fields higher than 2–2.5 T. This study
an attempt to evaluate the magnetocaloric properties of p
Gd utilizing four different techniques on the same sampl
direct measurements of the adiabatic temperature rise in q
sistatic and pulsed magnetic fields, heat-capacity, and m
netization measurements. In general, the MCE proper
were found to be essentially identical and independent of
experimental technique used. The one notable exception
a Gd sample which contained a large amount of intersti
impurities when the direct measurements were made us
pulsed magnetic fields. It is believed that the dissolved i
purities strain the lattice and the magnetic atoms cannot fu
respond to the rapidly changing field.
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