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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 ¢1)284 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 plotseAb®\the temperature of
this transition increases almost linearly with the magnetic field at a rate6oK/T in fields up to 7.5 T. The
spin reorientation transition, which occurs at 227K 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 figrtHhe
down to~4 K. The nature of anomaly at=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
paramagnetie-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 errof.S0163-182@08)01606-3

. INTRODUCTION paramagnetie-ferromagnetic phase transformation. Second,
this transformation has a potentially large practical impor-
Gadolinium is the only rare earth which orders magneti-tance, specifically with regard to magnetic cooling and heat-
cally near room temperature and is often considered to be img near room temperature. It is well known that the heating
simple Heisenberg ferromagnet, i.e., a representative classind cooling of a magnetic materiéle., the magnetocaloric
cal ferromagnet. The paramagnetiterromagnetic phase effec) is the largest neaf . This occurs because the two
transition is a second-order phase transformation. The magpposite forcegthe ordering force due to exchange interac-
netic moment of Gd is quite large and is due to the presencion of the magnetic moments, and the disordering force of
of seven unpaired # electrons which have a total angular the lattice thermal vibrationsare approximately balanced
momentum ofJ=L + S=7/2. Gd crystallizes in the hexago- near theT.. Hence, the isothermal application of a magnetic
nal close-packed structure. field produces a much greater increase in the magnetization
The magnetic properties of Gd metal have been extend.e., an increase of the magnetic order and, consequently, a
sively studied: According to neutron-diffraction studies, it decrease in magnetic entropySy,y near the Curie point,
orders ferromagnetically below the Curie poinf  rather than far away froric. The effect of magnetic field
=293 K, and remains ferromagnetic down to liquid-heliumabove and belowl ¢ is significantly reduced because only
temperature$.The easy magnetization axis coincides withthe paramagnetic response of the magnetic lattice can be
the crystallographic sixfold symmetry axis, i.e., tf@01]  achieved folT>T., and forT<T the spontaneous magne-
direction in the crystal lattice, fronT: down to the spin tization is already close to saturation and cannot be increased
reorientation temperaturggg=230 K. BelowTgg, the easy much more. Similarly, the adiabaticsentropi¢ application
magnetization vector departs from tf@001] direction, and of a magnetic field leads to an increase in the magnetic ma-
the cone angle between the sixfold symmetry axis and théerial temperatureAT,q4, which is also sharply peaked near
easy magnetization axis changes with temperature. the T . Therefore, a detailed experimental study of the mag-
The magnetic and thermal properties of Gd continue taetic and thermal properties of Gd are quite important.
attract attention even at the present time. First, the phase Reports on the magnetic properties of single crystalline
transitions in Gd are enticing from a theoretical standpointGd can be found in many publicatiorifor example, see
In particular, it is known that the magnetic phase transitiondRefs. 4—10. They include detailed studies of the magnetiza-
in some heavy lanthanide metals have coexisting features ¢ibn and susceptibility near the Curie pofthe anisotropy
first-order and second-order phase transformatioBsice of the susceptibility neall¢,° the magnetic moment along
Gd is considered a classical ferromagnet and it orders nedifferent crystallographic directions from 1.4 to 300 K in
room temperature, it is quite easy to carry out experiments tapplied fields up to 2 T,and the magnetization from 80 to
gain a better understanding of the nature of the360 K in pulse fields up to 30 $However, as noted in Ref.
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TABLE |. The effect of the experimental technique and purity ferent groups according to the experimental techniques used

on the Curie temperature of Gd from a selected list of publicationsin the various studies. The spread of reported Curie tempera-

ture varies from 289 to 295 K. Hence, the question about the

Experimental technique T (K) Purity Reference  extent to which different experimental measurements and the
Magnetization 292  Unknown 4 ;iqegrr]eseog;?urity of the metal alters the deduced result re-
o .
;Zgﬁ; gg:g m 02 ;3 In this paper we report on a variety of experimgn@l mea-
Magnetic susceptibility 2981 Unknown 5 sureme.nts({ncludlng ac and dc magnetic ;uscept|bll|ty, d_c
. magnetization, zero field and dc magnetic-field heat capacity,
) 290 999 wt. % 21 and direct magnetocaloric measurements in quasistatic and
Neutron scattering 291 99.9 wt. % 22 pulsed magnetic fieldsperformed on several different Gd
Magnetocaloric effect 295 99.99 wt. % 15 samples. The resultant experimental data have been used for
293 Unknown 24 detailed analysis of magnetic phase transitions in Gd and to
292.25  99.99 wt. % 25 refine itsH-T magnetic phase diagram. Also the magnetoca-
Photoemission 290 Unknown 23 loric effect(MCE) was calculated from(1) both the magne-
Heat capacity 293 994 wt. % 16 tization and the magnetic heat capacity as the isothermal
2935  Unknown 17 magnetic entropy changé,Sy,{ T); and(2) from the mag-
2022 99.9wt. % 18 netic heat capacity as the adiabatic temperature rise,

AT, (T). In additionAT,(T) was measured directly. Both
ASyadT) andAT,(T) were calculated and/or measured as
10, the magnetic properties of Gd and other lanthanides ar@ function of temperature for several fixed magnetic field
critically dependent on their purity, and unfortunately mostchanges from O té1, whereu,H varied from~0.5t0 10 T.

of the studies mentioned above were performed on different

(in terms of the amount of various impuritjespecimens. In Il. EXPERIMENTAL TECHNIQUES
many cases the impurity content was unknown. Furthermore, )
the exact constitution of the Gd magnetic T diagram is The magnetocaloric effedT,q was measured from-77

still unclear. A total of four anomalies of the magnetic sus-{0 350 K in both quasistatic and pulsed fields. The magnetic
ceptibility of single crystalline Gd in zero field were noted in fiéld for the quasistatic measurements ranged from 0 to 2 T
Ref. 3. Two of them are located near tfig, a third near and was created by an electromagnet. Due to the relatively
Ter, and a fourth near 140 K. The magnitude of theselarge magnetic induction, the time of a field sweep from 0 to

anomalies is reduced upon the application of magnetic field® T Was 7=2's. The measurements were made on a ther-

. : i 103
The anomalies on the temperature dependence of Young®ally insulated(in a vacuum of~10"" Torr) sample to
modulug and the anisotropy constait, ,** were also re- Minimize heat exchange between the specimen and the sur-

ported near 140 K. roundings. The equilibrium temperature of the specimen was

The heat capacity is a useful tool for studying magnetidﬂeasured_using copper-constantan thermocouple before and
phase transitions in the lanthanide metals and their con@fter the field sweep. The magnetocaloric effect was deter-
pounds. Theoretical and experimental investigations of th&ined as the difference between the two equilibrium tem-
heat-capacity behavior of some Gd-based compounds can peratures. A detailed description of the 0—7 T pulsed field
found in the literature, e.g., see Refs. 12—14. Usually théPparatus and tg‘e measurement procedure has been pub-
heat capacity at constant pressi@g(T) behaves abnor- lished elsewher&® The experlmental errors for the two di-
mally near the temperature where magnetic phase transitiof§Ct measurement techniques were estimated to b for
occur. Hence, the behavior @&@p(T,H) as a function of €ach. o o _ _
temperature and magnetic field can be used to examine the The heat capacity in zero magnetic field and in magnetic
nature of the magnetic phase transition. Furthermore, the efi€lds 2, 5, 7.5, and 10 T was measured frer8.5 to 350 K
perimentalCp(H,T) data allow one to calculate the magne- by using a7heat-pulse calorimeter Whlch_has been described
tocaloric effect(MCE).1® As far as we are aware the heat €/sewheré” The accuracy of heat-capacity data wad %
capacity in the vicinity of paramagnetiferromagnetic N the temperature range from 3.5 t020 K, and less than
phase transition in polycrystalline Gd was measured from 15-0-5% in the temperature range from 20 to 350 K. The
to 355 K16 and on single-crystal samples from 200 to 330 K Measured heat-capacity da@(T,H;), (typically a total of
(Ref. 17 and from~275 to ~315 K.1® No reports on the ~300 data points for each magnetic fhemgre uged to cal-
experimentally measured heat capacity of Gd in magneti€ulate the total entropy,.(T,H;) whereH; is a fixed mag-
fields, except at very low fields of 39—139 mfis available  netic field, uoH=0, 2, 5, 7.5, or 10 T. It is well known that
in the literature, although the MCE results calculated fromthe total entropy as a function of temperature is given as
Cp(H,T) have been reported.

One of the important characteristics of the magnetic phase Sl T.H: )= jT Cp(T,H))
transition is the exact ordering temperature. However, as can otal »11i 0 T
be seen from published data, the evolution of the Curie tem-
perature in Gd seems to be sensibly dependent on the expeHere Sy(H,) is the integration constant which is assumed to
mental technique, the magnetic and thermal history of thde field independent and equal to 0. To minimize the effect
sample, and its purity. This is illustrated in Table | where theof a varying starting temperature during the heat-capacity
values of the Curie temperature of Gd are listed in six dif-measurements in different magnetic fields, a numerical inte-

dT+Sp(Hi). @
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gration was always performed beginning at a common low- TABLE Il. The chemical analysis for the Gd metal samples
est temperaturd i, for all fields. Thus, the entropy was used in this study. The impurity contents are listed as ppm atomic.

calculated as follows: A dash indicates that the impurity level wasl ppm atomic.
Tmin Cp(T,H;) T Cp(T,H) Sample 1 Sample 2 Sample 3 Sample 4
StotaI(TyHi):f —T dT+ f —T dT. Gd-M1 MPC, MPC, single China
0 Tmin @ Impurity polycrystal polycrystal  crystal  polycrystal
) . . H 31540 155 63 32300
HereCp(T,H;) of the first term on the right-hand side of Eq. c 2480 196 470 10 480
(2) was extrapolated fromt =T, to T=0 K using the ex- N 3190 % 100 4490

perlr_nental data measured betwe_e8.5 and~8 K and as- o 32511 442 706 11 840
suming that the total heat capacity is the sum of the elec:

tronic, lattice and magnetic contribution€;yia= Ce/+ Cjat Al 21738 225 1210 822710
+Chag- For pure Gd: the electronic heat capaciy,
=~T, with y=4.48 mJ/mol K; the lattice heat capacity, 1200 2 25 92
Ciar=BT3, wherep is a function of the Debye temperature, Cl 1300 ) 12 i
®p=169K; and the magnetic heat capaci@y,=BT", Ca - ) ) 1000
with B=1.37 mJ/mol % and n=1.5 for zero magnetic '© 340 36 27 170
field.?® During the extrapolation we assumed that electronicV! 87 3 8 25
() and lattice(8) heat-capacity constants are independent of°Y 390 2 25 450
the magnetic field and that the magnetic field only affects then 2 - 15 -
magnetic heat-capacity constdht Therefore, the value @ Y 170 - - 1
was the only parameter determined from a least-squares fit &fy 7 - - 19
higher temperature heat-capacity défg,, to ~8 K) and Lu 30 - - 55
then used in interpolation of the heat-capacity data flom Ta - - 170
=Tminto T=0K. w - 3 5 -

Assuming that the errors in temperature measurements afverall 92.63 99.90 99.85 93.06
negligible compared to the errors in heat capacity, purity, at.%
oCp(T,H;), the errors in total entropyyS(T,H;), can be  Overall 99.49 99.99 99.98 99.68
estimated from Eq(2): purity, wt.%

Tmin 0Cp(T,H;) T oCp(T,Hy)

oS(T,Hy)= JO — T dT+ JT — T dT. 55 to 1000 Hz. The accuracy of magnetic measurements can-

not be easily estimated since no corresponding data are
(3 specifi

pecified by the manufacturer, however, measurements of a
Hence, the errors in the entropy are also of the order oPt standard indicate that the accuracy of the magnetometer is
~1% in the temperature range from 3.5+®0 K and less better than 1%. The isothermal magnetic entropy change as a
than 1% ofS,,,(T,H;) at higher temperatures. function of temperature was calculated from magnetization

The magnetic entropy change for a magnetic field changdata using the Maxwell relation:

from O to H; was calculated from the heat-capacity data as
the isothermal difference, and the adiabatic temperature rise Ho[ oM
was calculated as the adiabatisentropi¢ difference be- AS“aQ(T):fO ((9_1') dH. ©®)
tweenS,y(T,0) andSiy(T,H;). According to Ref. 15, the H
corresponding errorgAS;,gand cAT,q are

I1l. SAMPLES
T8Smad T)=0S(T.0)+0S(T.H) @ Four Gd samples were used in this study. Sample 1: a
and polycrystalline sample prepared commercially in Russia,
grade Gd-M1. No detailed impurity content was supplied by
ds(T,0) the manufacturer, however, chemical analyses were made on
oATad T)= "S(T’O)/ ( daT ) this sample at the Materials Preparation CefltéC) of the

Ames Laboratory and the results are given in Table Il along

ST H-)/ (dS(T1Hi)) 5 with the other three samples. Sample 2: a high-purity poly-

i dT : crystalline Gd sample prepared by the MPC, Ames Labora-

tory. Sample 3: a high-purity Gd single crystal prepared by

The ac and dc magnetic susceptibility and the dc magnethe MPC, Ames Laboratory. Sample 4: a typical commercial
tization were measured using a commercial ac/destandard purity polycrystalline sample from the Peoples’ Re-
susceptometer/magnetometer, model 7225, manufactured Ipyblic of China. No detailed impurity content of sample 4

the Lake Shore Cryotronics, Inc. The magnetic measurewas supplied by the manufacturer, although the metal was
ments were made in the temperature range from 4.5 to 325 Klaimed to be 99.9 wt. % pure. A chemical analysis, carried

in dc fields from 0 to 5.6 T. The ac fields ranged from 0.25 toout on this specimen at the Ames Laboratory, showed that
1 mT (2.5 to 10 O¢ and the ac field frequencies varied from the claimed purity of 99.9 wt. % was approximately correct,
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FIG. 1. Magnetization of a Gd single crystal as a function of field at selected temper@@sd the magnetization of Gd as a function
of temperature at selected dc fields with the field parallel to th¢0001] direction.

but when one considers the purity on an atomic basis, it watkemperature and magnetic-field behavior of the magnetiza-

only 93.1 at. % pure. tion of the Gd single crystals at any temperature. The experi-
The specimens for the direct magnetocaloric effecimental value of the saturation magnetization at 4.5 K is

(AT,9 measurements were shaped as parallelepipeds havirge3 uz per Gd atom in either field direction which is almost

approximate dimensions ¥04x 4 mn? which were cut in 109 higher than the theoretically expected value g

two pieces parallel to the longest dimension. The thermo=70,,.

couple was inserted between the two halves of such sliced The ac susceptibility of the Gd single crystals in the two

parallelepipeds. The specimens for heat-capacity measurgjterent directions is shown in Fig. 3. Its behavior is inde-
ments were approximately cylindrically shaped and had &engent of the ac field frequency and the amplitude. The

;jiameter C;TN %.0 mmjmd a heti%q?t of~t3(rjr_1m. The _sa?;]plis most distinct differences in the ac susceptibility behavior are
or magnetization and Susceplibiiity studies Were in the 1ormy,, ;e in the region betwedrygz and T, which can be
of parallelepipeds with the approximate dimensions 2

x4 mnt. All single-crystal Gd samples where cut from the explained by th_e rotation of easy r_nagnenz_atlon axis. The
.small decrease in the susceptibility in both directions at low

same large single crystal after the crystallographic axes ii . .
the sample were located using back-reflection Laue photot_emperatures is probably due 1o the nonlinear dependence of

graphs. The measurements on single-crystalline specimeﬁ@? cone angle between the easy magnetization axis ard the
were performed with the magnetic field parallel to f[pe0g ~ @xis Of the crystal. The temperature dependence of the ac
and[1010] directions. The combined accuracy of the align-SuSceptibility with a bias dc field applied parallel to the
ment of the crystallographic directies) with the direction of ~[0001] direction is shown in Fig. 4, while Fig. 5 presents the

the magnetic fieldcutting and positioning the specimens in Same data with the dc field parallel to tf&010] direction.
the sample holdeyswas better than-5°. These results are similar to those reported by Aliev, Ka-

milov, and OmaroV.One can see that the Curie temperature
increases with the increasing dc field and this tendency is
maintained for both crystallographic directions.

The magnetization of single-crystal Gd with the magnetic The heat capacity was measured for three different
field applied parallel to the two different crystallographic samples(polycrystalline samples 2 and 4, and the single-
directions is shown in Figs. 1 and 2. These data agree wetirystal sample B The zero magnetic-field data are shown in
with the results reported by FeréhGd is ferromagnetic in  Fig. 6 together with that reported by Griffel, Skochdopole,
both directions with th¢0001] direction being the easy axis and Spedding® As can be seen, the heat capacity of both of
of magnetization at high temperatures. The paraprocess fieltie Ames LaboratoryMPC) samples(2 and 3, which are
(the field at which the magnetization is approximately satusimilar, with respect to the amount of impurities, agrees very
rated was found to be~0.8 T parallel to thd0001] direc-  well. The two curves are practically indistinguishable from
tion and~1.2 T along thg1010] direction at low tempera- ~3.5to~350 K except near th€gg, see the following two
tures. We were unable to detect any hysteresis in th@aragraphs. The temperature and the height of the pro-

IV. EXPERIMENTAL RESULTS
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FIG. 2. Magnetization of a Gd single crystal as a function of field at selected temper@@sd the magnetization of Gd as a function
of temperature at selected dc fields with the field parallel to th¢1010] direction.

nounced\-type anomaly which is observed near the Curietemperature £5%). An excess heat capacity appears be-
temperature are the same within the experimental accuradyween~70 and~286 K and above-300 K. This is most
indicating that both samples order at exactly the same temnlikely associated with the straining of the crystal lattice and
perature. A significant reduction of the purity of the samplethe weakening of the exchange interactions by the large
(see the curve for sample 4auses a distinct change in the amount of interstitial impurities present in the samfdee
behavior of the heat capacity. The maximum of dype  Table Il), which leads to a reduction of the Curie temperature

anomaly is sharply reduced in the magnitude1(0%) and
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FIG. 4. The ac magnetic susceptibility of a Gd single crystal in
FIG. 3. The ac magnetic susceptibility of Gd single crystals withbias dc fields with the ac and dc fields parallel to f601] direc-
the ac field parallel to the0001] and[1010] directions. tion.
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FIG. 5. The ac magnetic susceptibility of a Gd single crystal in  FIG. 6. The zero magnetic-field heat capacity of different Gd
bias dc fields with the ac and dc fields parallel to fh810] direc- samples. The heat-capacity data have not been smoothed and are
tion. shown in a form of lines for clarity. The inset clarifies the low-

temperature behavior &/T vs T plot.

and to notably larger spin fluctuations both above and below
the Curie temperature. It is not surprising that the heat cameasure heat capacig T) was already too large to reveal
pacity of the sample measured by Griffel, Skochdopole, anény possible differences in the magnetic heat capdnibye
Spedding® (also an Ames Laboratory sample prepared inthat the differences in magnetization and susceptibility also
1953 by one of the authors of this paper, K.A.G.) dener-  tend to disappear as magnetic field rises, see Figs. 1, 2, 4,
ally falls between the two extreme cas@be clean Ames and 5. A second reason is that the measured heat capacity is
Laboratory samples and the impure commercial).Gthe always a combined total of at least three contributions: elec-
heat capacity reported by these authors is closer to that a@fonic, lattice, and magnetic, and therefore, a relatively small
samples 2 and 3 since the puriin at. % of that specimen difference due to the effect of the magnetic field on the mag-
was much better than the purity of the commercial metahetic entropy when applied in different crystallographic di-
(sample 4, although it was lower than the purity of the two rections would be practically invisible when overlapped with
Ames Laboratory MPC’s specimens used in this study. Thehe much larger field-independent lattice heat capacity.
major impurities in the metal used by Griffet al. were Ta, Figure 7 displays the heat capacity of the Gd single crys-
Sm, and Y (the interstitial impurities were probably quite tal in magnetic fields up to 10 T applied parallel to the
high, but at that time they were difficult to measyrehile  [0001] direction. The magnetic field has a pronounced effect
the major impurities in the commercial sample 4 were theon the\-type maximum: it is considerably broadened and is
interstitials(H, C, N, O, and I The upturn in the heat ca- shifted to higher temperatures as the magnetic field in-
pacity of the commercial Gd at low temperatuigee the creases. This behavior is typical for ferromagnetic materials.
inset of Fig. 6 is associated with the high amount of oxygen The sample purity has practically the same effect on the
impurity, and is due to the presence of 8d_, which or-  magnetic heat capacity as on the zero-field heat capéssty
ders magnetically at-2.6 K or at~3.7 K depending on the Fig. 6). A small heat-capacity anomaly exists in the zero
stoichiometry and the crystal structure of the oxitle. magnetic-field data near220—225 K, but it is wiped out by
The magnetic heat capacitin fields of 2, 5, 7.5, and 10 magnetic fields as low as 2 (Bee the inset of Fig.)7 It is
T) was measured on specimens 2, 3, and 4. The heat capaciaply observed in the heat capacity of the two single-crystal
of single-crystal samples was also measured_with the magsamples and it is indistinct in the heat capacity of the Ames
netic field applied parallel to thE0001] and [1010] direc-  Laboratory polycrystalline Gd sample 2, even though the lat-
tions. Contrary to the distinct differences observed in magier has lower overall and interstitial impurity contents than
netization and susceptibility, the differences between thé¢he single crystal.
heat capacity of single-crystal samples with magnetic field The adiabatic temperature chan(je., the magnetoca-
applied along the different crystallographic directions, if any,loric effect, MCE was measured on three different samples,
were smaller than the experimental errors. This may be part, 2, and 4. The low-field0—2 T) results for sample 2 in
tially due to the fact that the magnetocrystalline anisotropy inquasistatic and pulse magnetic fields are shown in Fig. 8
Gd is quite small, and that the lowest magnetic field used tdéogether with the MCE calculated from the magnetic heat-
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FIG. 7. The heat capacity of single-crystal Gd with the magnetic /G- 9- The magnetocaloric effect in Gd measured directly in a
field applied parallel to thg0001] direction. The inset clarifies the PulSed field compared with that calculated from the heat capacity
details near the spin reorientation transitibgs. The error bars are [0F @ magnetic field change from 0 to 7.5 T. Results from Refs. 3

shown for the zero-field heat capacity in the inset. The arrows poing"d 31 were obtained on samples of different purities and are
to the anomaly aT g shown for comparison. The error bars on the right-hand side of the

figure indicate the uncertainty in the direct measurements

(£7%).
. r T T ( capacity measurements. The best agreement between the re-
]  Gd, sample No.2 sults obtained using three different techniques is observed in
¢ Pulsed field il 1 the temperature range from220 to~ 330 K. However, the
®  Quasi-static field Y | . . .
o Calculated from C,(T.H) % direct MCE results agree quite well with MCE values calcu-
plLLsH) 550

lated from the heat capacity when considering the error lim-
] its of both measurements even outside this temperature
range. The maximumAT,y of ~5.8K is observed at
~295 K which is close to the Gd Curie temperature. The
. magnetocaloric effect for a larger magnetic field change
(from 0 to 7.5 T is shown in Fig. 9 for the same sam@®
together with several data sets reported in the literature for
{ ] the same magnetic field change for different Gd samples.
The agreement is again quite good, well within the experi-
mental error limits of the two techniques, and the maximum
- MCE of ~15 K also occurs at-295 K. The magnetocaloric
effect rises as the magnetic-field change increases. The MCE
. rise is, however, a nonlinear function of the magnetic field
. which is illustrated in Fig. 10 where the field dependence of
e - the maximum of the MCE, which occurs close to the Curie
temperature, is shown. At lower magnetic fields the specific
magnetocaloric effect rate changeTat T is close to 3 K/T,

300 150 200 250 300 350 200 _Ia_nd it is reduced t0~2.2 K/T at 5 T and to~1.8 K/T at 10

Temperature (K)

......... Errors from C,(T,H)

AT, (K)

Figure 11 illustrates the effect of impurities on the mag-
FIG. 8. The magnetocaloric effect in Gd measured directly innetocaloric effect in Gd. The MCE measured directly on the
quasistatic and pulsed field§illed symbols compared with that high-purity sample from Ames Laborator2) is approxi-
calculated from the heat capacitypened symbojsfor a magnetic ~ mately equal to that of the sample prepared in Rugbia
field change from 0 to 2 T. The error bars on the right-hand side oBoth the temperature of the MCE peak and its behavior as a
the figure indicate the uncertainty in the direct measurementsfunction of temperature are similar for those two samples.
(£7%). The MCE of the commercial purity Gésample 4 is dis-



57 MAGNETIC PHASE TRANSITIONS AND THE . .. 3485

20 T T T T T 6 T T T
Gd, sample No.2 o
®  Pulsed field ‘Q
O Quasi-static field R J
v Heat capacity 9% ¢
16 | B o, 5
i+ o o ¥
. a e
) M e FH o }
4 o ® o o 4
o L4 3 Do &‘V .
121 ] o W LI
o d — ¥y _o Qo ..
& 5 . * ° 8
2 - AL v, ' {
|- I-“ © . ¢ © ‘o
< <] °° .. [ ] o° -
8| N 00 .‘ .. 00 o.
o R L4 PY v o% .
2 DO.O.“ hd 00 { .
b v
¢  Sample No.4, pulse field
y o Sample No.2, pulse field °
4 o ] v Sample No.1, pulse field *
o o Sample No.4, heat capacity i
*  Sample No.2, heat capacity
Gd, yHfrom0to2T
o L 1 1 1 1 0 1 1 Il
0 2 4 6 8 10 12 260 280 300 320 340
Magnetic field, p H, (T) Temperature (K)
FIG. 10. The magnetocaloric effect BT for polycrystalline FIG. 11. The magnetocaloric effect as a function of temperature
Gd as a function of the magnetic field change from G4o measured in a pulsed magnetic field frono@tT for three different

samples. The error bars on the right-hand side of the figure indicate

tinctly lower, well outside the experimental error. The low- € uncertainty in the pulsed field measurements ).

ering of the MCE peak temperature was expected from the ) o . i

heat-capacity resultée.g., see Fig. )6 but the reduction of of_ dISSO|Ved.InteI’StItIa| impurities. This result correlates well
AT,q4is surprisingly rather large. This is particularly puzzling with an garller study qf the effect of a controlled amount of
when one compares the MCE’s calculated from the heat cg@rbon in polycrystalline Gazv where the authors showed
pacity for samples 2 and 4, which are quite close, withinthat randomly distributed mterstltlal_ carbon significantly
experimental error, see Fig. 11. This is also puzzling fromthanges the magnetothermal properties of the metal.

the fact that sample 1 is slightly more impure than sample 4,

but its AT,q4 is in good agreement with the pulse field and V. DISCUSSION

heat-capacity values for the high-purity Gd sam{#g Ex-
amination of the impurity contents reveals that the oxygen is
~3 times larger in sample 1 than in sample 4, while the First we will discuss the question about the determination
carbon content is-4 times, and the fluorine contentis60  of the exact Curie temperature of Gd. Besides the confirming
times larger in sample 4 than in sample 1. It is obvious thathe fact®®? that the ordering temperature depends on the
O does not cause this diminution XiT 4, but either C or F amount of impurities in the metalsee Fig. 8, it is also

is the culprit. Both O and F are present as compounddgmportant to examine the effect of how the different experi-
Gd,0;_, and Gdk in the Gd metal matrix segregating on mental data are analyzed, which may have an effect on the
grain boundaries, but C is known to dissolve in Gd. Wefinal result with regard to the value of the Curie temperature.
believe that the dissolved interstitial carbon has a strong inThe results of different approaches to determining the Curie
fluence on the results obtained in a dynamic pulsed figdd  temperature for the two single-crystal samples along both
direct MCE measurementss compared to the static field crystallographic directions based on different experimental
(heat-capacity measurements. As already noted above, théechniques utilized in this work are listed in Table Il
interstitials not only interfere with the exchange interaction, It is well known that the Curie temperature in zero mag-
but they also strain the crystal lattice significantly. It is quitenetic field is rigorously defined as a temperature where the
possible that a strained lattice complicates the coupling ofpontaneous magnetization, and hence, the magnetic order
magnetic atoms with the magnetic field, and this is particupparameterp experiences the fastest change as a function of
larly critical for the short duration of the pulse,0.2 s(Ref.  temperature. Then, if one can measure magnetic susceptibil-
26) (and obviously the maximum field values last just a frac-ity or magnetization in zero magnetic field, the temperature
tion of this time. Therefore, this short time period is suffi- where susceptibility or magnetization increagdscreases
cient to induce a full response of the nonstrained lattice ofmost rapidly would be an adequate representation of the Cu-
magnetic ions, and thus measures the MCE correctly in purge point. Usually if any property varies as a function of
materials. However, the pulse time is probably too short fotemperature, then the location of the inflection pdiing.,

an adequate response of the magnetic atoms to yield the corhere 9>P/dT?=0) corresponds to the fastest change of a
rect MCE in strained lattices which contain a large amoungiven property with the temperature and determines the

A. Paramagnetic—ferromagnetic phase transition
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TABLE lll. The paramagnetie-ferromagnetic ordering temperatuestimated standard deviation in the
last significant digit is given in parenthe$es single-crystal Gd as determined from different experimental
data.

woH=0T woH=2T woH=5T woH=75T uH=10T
llc la llc lla llc lla llc lla llc lla

ac magnetic
susceptibility 2932)  2932)

Magnetization 29®) 296(2) 3063) 3073) 3225 32405)

02T (027
MCE?
(maximun) 2941) 2951) 3101 3101 32603 336(3)
Heat capacity
(maximun 291(1) 291(1) 290(1) 290(1) 2921) 2931) 2952) 302(3)
Heat capacity
(inflection) 294(1) 294(1) 3101) 3091 3292 3273 3413)
Thermodynamic
method 2951) 2951)

(Arrot plot)

&The ordering temperatures listed in this row are determined from the maximum magnetocaloric effect
observed when magnetic field was changed from @4d =2 T (columnu,H=0 T), from 2 to 5 T(column
moH=2T), from 5 to 7.5 T(columnuoH=5 T), and from 7.5 to 10 TcolumnuoH=7.5T).

®The heat capacity with the magnetic field parallel to zhaxis was not measured in magnetic fields higher
than 5 T because the sample in the calorimeter was twisted by fields higher than 5 T.

phase-transition temperature, provided all other thermodythe temperature where the heat capacity changes most rap-
namic parameters are kept constant. This approach could hdly, i.e., by the temperature of the heat-capacity inflection
used to determine ordering temperature in a nonzero magpoint above the heat-capacity maximum. Therefore, the ap-
netic field, in which case position of the inflection point cor- propriate calculation results are listed in the row entitled
responds to the temperature of the fastest transformation dHeat capacity (inflection).” Finally, the last row lists the
magnetic structure and/or transition between short- and longhermodynamic Curie temperature in zero magnetic field
range magnetic order. Since the ac susceptibility was meavhich was determined using magnetization data by the ther-
sured in low ac field$0.25 to 1.0 m7, then it is possible to modynamic method from Arrot plof§. The paramagnetic-
assume that such a low magnetic field does not affect theo-ferromagnetic magnetic ordering temperature at high
magnetic order parameter and thiig, from the ac suscep- magnetic fields was determined in the same manner as in
tibility (Table Ill) calculated as the temperature of the inflec-zero field—the inflection points for magnetization and heat
tion point represents the Curie temperature in zero magneticapacity, and the maximum for the MCE. For the purposes
field. The same technique was used to determine the ferr®f this paper we will still call this point the Curie tempera-
magnetic ordering temperature from magnetization measurgure. The ac susceptibility in bias dc magneticdi@l T was
ments in essentially nonzero magnetic fields, the second rowot measured. Since the upper temperature limit of our mag-
in Table lll. Note, that since th&. from the magnetization netometer was not high enough to estimate the Curie tem-
was calculated from the experimental data measured in 0.2 ferature from the ac susceptibility in magnetic field@ T
field, then the result should not be directly compared with(see Figs. 4 and)5the appropriate data are not listed in
that obtained in zero field. Next, as discussed in the IntroTable III.

duction, the MCE is maximum at or close to the appropriate The first conclusion which is immediately obvious from
magnetic phase-transition temperature of the magnetic maten analysis of the data listed in Table Il is that the tempera-
rial because this maximum corresponds to the fastest changere of the heat-capacity maximum does not correspond to
of the material’s temperature as a function of field. Thus, theahe magnetic ordering temperature and it is always lower
next row in the Table Il shows the Curie temperature deterthan the actualc. To the contrary, the heat-capacity inflec-
mined as the temperature where the maximum MCE occurdion point and those determined from different experimental
The MCE maximum for nonzero magnetic fieldse., the  data(other than the magnetization data taken at 0.2gree
ordering temperatures in nonzero magnetic fieldas deter- quite well, within =1 K. Hence, within the accuracy of ex-
mined as the point where MCE peak is observed for magperiment the ferromagnetic ordering in single-crystal Gd
netic field change froni; to H,. HereH; is the lower field  with overall purity listed in Table Il occurs at the same Curie
andH, is the upper field. Hence, for the column displaying temperatureT-=294(1) K, in zero magnetic field. As the
the ordering temperature giH=2 T the lower field is 2 T, magnetic field rises, the ferromagnetic ordering in Gd occurs
etc. The next row displays the temperature where the heagt a higher temperature. Single-crystal Gd orders a{2%
capacity maximum in different magnetic fields occurs. It hasat 0.2 T; 3092) K at 2 T; 3264) K at 5 T, and 33%b) K at
been suggested by Schmitt and co-workéréthat the mag- 7.5 T independent of the single-crystal orientation in the
netic ordering temperature is most adequately represented Ingagnetic field. The field dependence of the ordering tem-
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perature is close to linear in magnetic fields between 2 and 20 . . - , . .

7.5 T with the slope of-6 K/T, but has a higher slope below Gd, H || [0001] i

2 T. This increase in the ferromagnetic ordering temperature —e— MFT, pH=10 T

of Gd with increasing dc field is expected since a strong 151 T

- Experiment, u, H=10 T

magnetic field should assist the alignment of the magnetic
moments. The fact that there is no apparent difference be-
tween the ordering temperature when the single crystal
changes its orientation with regard to the direction of the
field is indicative of the easy rotation of magnetic domains in
the studied specimens, which is consistent with the high pu-
rity of Gd, and the small magnitude of the magnetic anisot-

ropy energy.

0 T)-Cy(T, p,H=10 T) (J/mol K)

B. The spin reorientation transition and ac susceptibility

T

An analysis of the behavior of the ac magnetic suscepti-
bility along the[1010] direction(Fig. 3) and the heat capac-
ity in zero magnetic fieldFig. 7) suggests that the tempera-
ture of the spin reorientation transition is 22V K, which is
close to the reported value of 230%Our experimental data, ‘
unfortunately, do not permit us to make a conclusion about 15 , , , , , ,
the exact effect of the dc magnetic field on the spin reorien- 0 50 100 150 200 250 300 350
tation transition. Nonetheless, as can be seen in Figs. 4 and 5, Temperature (K)

a dc magnetic field has a different effect on a susceptibility

anomaly associated with spin reorientation depending on the FIG. 12. The effect of the magnetic field on the change of the
orientation of the magnetic field. First, theg, where the heat capacity of single crystal Gq ina fleldlof 10 T relative to zero
easy magnetization axis starts to depart from[0@01] di- f!eld as compared to the_ theoretically predicted values from mean-
rection, seems to be suppressed from 227 K down tde!d theory(MFT) for a field 10 T.

~214(3) K by 0.5 T dc field applied parallel to theo01]

direction and the corresponding anomaly becomes indistinan anomalous dependence of the angle betweehOb&1]
guishable when the field is either less than 0.5 or increases f@rection and the magnetic moment.

1 T. Second, it is knownthat in zero field the cone angle  Increasing the bias dc magnetic field causes the develop-
between thd0001] direction and easy magnetization axis ment of a distinct maximungat ~300 K) in the behavior of
decreases nonlinearly as the temperature decreases startthg§ ac susceptibilityFigs. 4 and pwhich is apparently as-
from ~180K. Hence, the low-temperature anomdlgt Sociated with the ferromagnetieparamagnetic transition,
~132 K) in the ac susceptibility in a 0.5 T bias dc field, Fig. since it is shifted to higher temperatures as the field in-
4, is probably indicative of the change of the easy magneticreases. However, since the temperature of the maximum is
zation axis by an increasing magnetic field. This is also supnotably higher(by ~20 K) than the ordering temperature
ported by the fact that the higher dc fielfl D T shifts this ~ determined from the other experimental désae previous
low-temperature anomaly from 1@ to 1423) K (the tem-  section and Table I}] then it is most likely due to changes in
peratures are determined from the corresponding inflectiothe short-range magnetic order just above the magnetic phase
points. As mentioned above, the higher dc magnetic fieldgransition. The rapid rise of the ac susceptibility al$0g01]

(2 T from heat capacity, and 2.5 T from ac susceptibility direction, Fig. 4, in the 0.5 T dc field just beloV is quite
eradicate the differences between the behavior of Gd in difdifferent from the ac susceptibility alor{g010], Fig. 5, in
ferent crystallographic directions. This suggests that at maghe same dc field of 0.5 T. Correspondingly, we see a large
netic fields higher than 2—2.5 T Gd remains ferromagnetiglifference in the ac susceptibilities along the two directions
from the Curie temperature down to at least 4.2 K withoutfor the data measured a 1 T dcbias field. But at 2.5 T the
changing the easy magnetization axis, i.e., the spin reorietfemperature dependences of the ac susceptibilities are once
tation transition switching the easy magnetization axis fromagain similar for the two orientations. The origin of this dif-
the[0001] to the[1010] is completely quenched by magnetic ference is not completely understood without the availability
fields larger than 2—2.5 T. of direct studies of the magnetic structure.

The ac susceptibility anomaly which occurs-a132 K in
0.5 T magnetic fieldFig. 4) closely resembles that observed
earlier in zero-field dc susceptibilitisee Fig. 2.1 from Ref.
3). That is, the anomaly disappears as the dc field increases, Assuming that the dc magnetic field affects only the mag-
which is consistent with our results. The abnormal behavionetic part of the heat capaci®,,, one can compare the
of Young’s modulus in zero fiefd and other properties of experimentally observed effect with that calculated theoreti-
single-crystalline Gd in the vicinity of this temperature havecally from molecular field theory.The results are displayed
also been observedTishin and Martynenkbhave suggested in Fig. 12 in the form of the difference between experimental
that this behavior is associated with the existence of a locdieat capacity at zero magnetic field and that at 10 T together
minimum of magnetic anisotropy energy which can lead towith the theoretically predicted C,,, from the mean-field

Cy(T, p H

10 b ]

C. Magnetic heat capacity
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T T 2y 12 T _ T
®. ] Gd, H || [1070]
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......... Errors from C,
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FIG._13._ The magnetocaloric effectin single crystal Gdwiththe  F|G. 14. The magnetic entropy change in single crystal Gd with
magnetic field applied parallel to t{@001] direction. The error  the magnetic field applied parallel to the010] direction as deter-
bars on the left-hand side of the figure indicate the uncertainty ifmined from heat-capacity and magnetization measurements.
the direct measurements: (7 %).

o ] , ) sults at the highest temperatufsse Figs. 8, 9, and 13The
theory for a magnetic field 10 T. As is obvious from Fig. 12, most jikely reasons which can account for this difference are
the agreement is quite good at temperatl_Jres well beloyv angk follows. First, as can be seen from E%), the experimen-
well above (>=25K) the paramagnetieferromagnetic 5| errors inA T, calculated from heat capacity are directly
phase transition in zero field, and near the phase transitiogroportional to the errors in the total entropye., to the
there is a qualitative agreement betwe(_an_ experiment a”@xperimental errors in heat capacity, E¢S. and (3)], and
theory. Furthermore, the theoretical p_redlctl(_)n do_es not aChey are inversely proportional to the slopeS§iT,H;) curve
count for the small anomaly due to spin reorientation transing 3 function of temperature. It should be noted, that the
tion at ~227 K. experimental errors i€p(T,H) do not change radically at

_ higher temperatures, i.e., they remain at the sante5%
D. Magnetocaloric effect level. Accordingly, there is no sharp increase of the errors in

Experimental measurements of the MCE using differenfotal entropy. However, the slope 8(T,H;) is significantly
techniques revealed that within the experimental accuracy {PWer above the Curie temperature, i.e., when the heat capac-
is independent of the crystal orientation in magnetic fielddty réaches its maximum and starts to decrefaee Eqgs(1)
stronger than 2 T. The adiabatic temperature rise in the Gd (2), and Figs. 6 and 7, and noting thd&/dT=C/T].
single crystal with the magnetic field applied parallel to thelndeed, this slope reduction lowers tH&/dT terms in Eq.
[0001] is shown in Fig. 13. The open symbols represefit (5) and' rises the overalt-AT: Therefore, the egpenmgntal
as calculated from magnetic heat-capacity data for a fiel@Tors in AT.(T) become inherently larger immediately
change 0-2, 0-5, 0—7.5, and 0—10 T and the filled symbolgbove the Curie temperature where the slopeSEF,H;)
represent that measured directly in pulse fields 0—2 and 0-urve decreases.

T. The dotted lines in Fig. 13 delineate the range of esti- Second, since the measurement time in the pulse-field
mated errors iM\T,qas determined from heat capacity using technique for the direct measurementsidf,q is quite short

Eq. (5), and the error bars on the left side of the figure indi-(~0-2'S), the samples are not thermally insulafetiow-

cate the error limits in the direct measurements. The adia€Vver, the thermal conductivity of Gd is larger in the paramag-
batic temperature change in single-crystal Gd compares weletic state compared to that in the ferromagnetic state. There-
with that measured on our polycrystalline samples and thafore, this increase in thermal conductivity may lead to larger
reported by other groups-38 thermal losses above the Curie temperature due to the heat

As noted above, the MCE calculated from heat capacitgXchange with the surrounding air and radiation losses, thus
agrees quite well with that measured directly in pulse fieldslowering the observed T4 value.
especially when considering the uncertainties of the two The isothermal magnetic entropy change in Gd with the
techniques. However, if one ignores the error limits of themagnetic field parallel to thgl010] direction is shown in
two measurements, a consistent behavior is observed: tiég. 14. As with the adiabatic temperature rise, Nf&,,{ T)
directly measured values lie below the heat-capacity data rés close to that measured earlier on polycrystalline samples
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of different purity?'15'37‘39TheASmg(T) values were calcu- Mments, we found that in zero magnetic field the Curie tem-
lated from heat-capacity datapen symbolsas the isother- perature of Gd equals 24 K and that the spin reorienta-
mal difference betweer§(T,H=0) and S(T,H;) for H; tion temperature is 222) K. We found that between 2 and
equal to 2 and 5 T. The dotted lines represent margins of .5 T, T¢ in Gd increases by-6 K/T, with the increase of
experimental errors iM\S,,,4 from the heat-capacity data the T. with the magnetic field being approximately linear.
[Eqg. (4)] for magnetic field change 0 to 5 T. Unlike the The spin reorientation transition appears to be quenched en-
AT ,q, the errors calculated from the heat capacityA@&.,,,  tirely by magnetic fields higher than 2—-2.5 T. This study is
do not rise when temperature exceeds the Curie temperatuas attempt to evaluate the magnetocaloric properties of pure
and the errorocASy,,q remains approximately the same for Gd utilizing four different techniques on the same samples:
any magnetic field change. The results from magnetizationlirect measurements of the adiabatic temperature rise in qua-
data(filled symbols were obtained by numerical integration, sistatic and pulsed magnetic fields, heat-capacity, and mag-
Eqg. (6). The excellent agreement between the results obretization measurements. In general, the MCE properties
tained from magnetization and from heat-capacity measurewere found to be essentially identical and independent of the
ments is obvious. experimental technique used. The one notable exception was
a Gd sample which contained a large amount of interstitial
VI. CONCLUSIONS impurities when the direct measurements were made using

ulsed magnetic fields. It is believed that the dissolved im-

As a result of experimental studies of the magnetic ancgurities strain the lattice and the magnetic atoms cannot fully
thermal properties of four different samples of Gd we con-respond to the rapidly changing field.

firm that purity plays an important role in obtaining the in-
trinsic properties. The large amount of impurities typically
found in commercially designated “99.9 wt. % purity” Gd,
lowers the Curie temperature and also broadens the tempera-
ture range of the paramagnetiéerromagnetic transition, This work was supported in part by the Office of Basic
while masking the spin reorientation transition which is ob-Energy Sciences Materials Sciences Division, U.S. Depart-
vious in much higher-quality single-crystalline samples. Byment of Energy, under Contract No. W-7405-ENGV2K.P.
combining the results from magnetization, ac susceptibilityand K.A.G), and by NATO Linkage Grant No. 9507@all
heat-capacity, and direct magnetocaloric effect measureuthors.
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