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Magnetic transitions in CeCu, gdGe, and PrCu, 7{Ge, as studied by magnetocaloric effect
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The results of heat capacity in the presence of an external magnetic field and resistivity measurements on the
compounds CeGe, and PrCyGe, with the startingx=0.86 andy=0.76 are reported. The magnetocaloric
effect in the compounds was calculated from in-field heat-capacity data. The results clearly indicate the nature
of magnetic transitions in both compounds and the metamagnetic transition with field in the cerium com-
pounds. The observed magnetocaloric effect is modest in spite of much smaller magnetic moment of Ce and Pr
compared to heavy rare earths.

DOI: 10.1103/PhysRevB.64.052407 PACS nunfer75.30.Kz, 75.30.Sg

During the last two decades there has been considerab®3%) with the literature value’s of CeCuygGe, and
interest in understanding the magnetic behavior of rare-eartRrCy, ,(Ge,. Our careful analysis indicates a small amount
intermetallic compounds. Compounds containing cerium andf (~1 wt %) CeCyGe, present as an impurity phase in our
in some cases praseodymium are particularly interesting beSe sample. In the case of the Pr compound no other phase
cause of their anomalous magnetic behavior and the breakvas detectable.
down of de Gennes scalihgf magnetic ordering tempera- The temperature dependence of resistiyityin the tem-
ture. The breakdown of de Gennes scaling in lighter rareperature interval 1.4—300 K were performed by the conven-
earths is generally due to the relatively extendédodbital  tional four-probe method. The heat-capaciy) measure-
compared to heavy rare earths. Recently the observation @fients were performed by the semiadiabatic heat pulse
the giant magnetocaloric effecA{T,9 In Gds(Si,Ge,) by  method with absolute accuracy 0.5% in the presence of 0, 5,
Pecharsky and Gschneidfdras created much interest in 8, 10, 20, 40, and 80 kOe fields. The magnetocaloric effect
studying the magnetocaloric effect particularly to find out(AT,) was calculated from heat-capacity data in a similar
suitable materials for magnetic cooling. We have used thevay to that of Ref. 5.
magnetocaloric effect as a tool to understanding the magnetic The results of resistivityp) measurements are plotted in
transitions in rare-earth intermetallic compounds and mad€ig. 1. The temperature dependencepobf CeCyGe, is
various interesting observations. similar to that of an earlier repottThere is a noticeable

The intermetallic compounds chosen for our investigation

are CeCyGe, and PrCyGe,. The nonstoichiometric com- ' 110
pounds crystallize in the CeNiSiype structure in the nar- ' ' ' ' ' T
row range ofk andy values around 0.8 and 0.7, respectively. 180 ]
The alloys are crystallographically interesting since they o*
form with vacancies in the transition-metal sublattice. The ! CeCuGe, .~ 1 100
CeCyGe, (x~0.86) compound is particularly interesting o o~
because of a reasonable high antiferromagnetic ordering tem- .,r".“
perature Ty~15K) in spite of the positive paramagnetic -

Curie temperatured,~7 K).# Since Pr is next to Ce in the
Periodic Table it is also worthwhile to investigate the new
nonstoichiometric compound PrI&e, (y~0.76) in the se-
ries. .
The polycrystalline samples were prepared by arc melting -
the constituent elements several times. The elements of pu-
rity better than “99.9 wt %" were purchased from Lico In- L £ /
dustries, Inc., New York. The weight losses after arc melting '_/
were about 0.5%. The ingots, thus obtained, were wrapped in

Mo foil, sealed in an evacuated-(L0™  torr) quartz tube and
homogenized at 1173 K for 5 days. To characterize the o 10 = s
samples an x-ray diffraction pattern was taken on powdered Temperature (K)

sample using a rotating anode x-ray source working at 50 kV,

150 mA. The obtained data were analyzed using a full FIG. 1. Electrical resistivity inuQcm of the compounds
Rietveld profile fit of the line intensity. The lattice constants CeCyGe, (x~0.86) and PrCyGe, (y~0.76) in the temperature
of the Ce and Pr compounds are in close agreertweittin interval 1.5-40 K.
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30 — T y T : K; see the inset of Fig. (@), which shifts to lower tempera-
] ture with increasing field. It indicates antiferromagnetic or-
CeCu Ge, dering at this temperature. Since CgGs, orders antiferro-
magnetically at the same temperatyre4 K) possibly the
S ] heat-capacity peak at this temperature is due to a very small
f.ﬁz “ogo” (~1 wt %) amount of the CeCiGe, phase. The zero-fiel@
ol S < 80k0e T data of PrCyGe, in Fig. 2b) shows a peak at 23 K and a
3 ) 5 ; knee at 16 K. The 16 K heat-capacity anomaly in Ri@ay
. cannot be attributed to the impurity phase. In the case of
impurity at least 10 wt % of PrC(e, would be required for
" e H=0KOe the observedC anomaly, which is ruled out from our x-ray
0L —— 8kOe Al diffraction (XRD) analysis. The observed anomaly and the
10 kOe A\ i drop in p close to these temperatures can be attributed to
I —o— 20kOe T magnetic ordering. With the application of magnetic field,
—v— 40kOe entropy shifts to higher temperature for all the fields. There
80 kO is a marginal increase & with the lowering of temperature
below 5 K, which is highlighted in the inset of Fig(i.
— . 1 . The magnetocaloric effect is the change in temperature
0 10 20 30 AT,q[=T(H)—T(0)] of magnetic material in the adiabatic
. Temperature (K) condition with the application of the external magnetic field.
i T i ! ' T ) This effect originates due to the change of magnetic entropy
p of magnetic material in the presence of magnetic field. For
,,? ferromagnetic materials close fb, magnetic entropy de-
creases with increasing magnetic field and in an adiabatic
condition that gives rise to an increase in temperature, posi-
tive AT,4. The temperature dependenceXr .4 is expected
to be a caretlike shape with maxima at the ordering tempera-
. ture (T.). For antiferromagnetic material T, is negative
and the temperature dependence of that is a reverse caretlike
shape with minima around’y.® We have obtained\T,4
from total entropy G,a) Which was calculated from experi-
mental specific-heat data at various constant magnetic fields.
—*—H=0kOe The AT,qis the required difference in temperature to move
e ;g ::8: isoentropically from the in-field to zero-field data points in
v 40kOe A the plot of S, With respect to temperature. It was shown
e 80KOe earlier by Dan’kovet al’ that the obtained\ T4 in this in-
] direct method is essentially the same as that of the direct
method.
The temperature dependence/dr 4 is plotted in Fig. 3.
Temperature (K) The AT,4 of the compound CeGGe, for 80 kOe field is
FIG. 2. Heat capacity as a function of temperature for the com/arge and positive with a peak around 16 K. It indicates that
pounds CeCiGe, (x~0.86) and PrCyGe, (y~0.76) in the pres- at higher field the magnetic moments are ferromagnetically
ence of zero and different constant magnetic field. The low-aligned and the magnetic transition temperature is 16 K. For
temperature features are highlighted in the insets. a smaller(<20 kOg field valueAT,qis positive in the para-
magnetic region and its magnitude increases with decreasing
decrease op below 15 K due to the loss of a spin-disorder temperature up to 16 K. Below 16 KT .4 starts decreasing
contribution. Thep data of PrCyGe, indicates two transi- with lowering temperature and shows negative minima at 14
tions around 24 and 17 K. K. This observation indicates that the ferromagnetic interac-
The results of heat-capacity measuremedis the pres- tions are dominant in the paramagnetic region resulting in
ence of external magnetic fields are plotted in Fig. 2. Thepositive AT,q and around 16 K antiferromagnetic interac-
data for the measurement in 5 kOe field is not shown in the¢ions starts dominating resulting in negatidd .4 at lower
figure for clarity. In the zero-field data of CeCyGe, [Fig.  temperatures. The low-field features are highlighted in the
2(a)] there is a peak around 15 K due to magnetic orderinginset of Fig. 3a) for the compound CeGGe,. The ratio of
In the presence of more than 10 kOe magnetic field the erpositive peak value with negative minima is close to one for
tropy of the system shifts to higher temperature, which isboth 0—5 kOe and 0—8 kOe data; however, for 0—10 kOe
expected for a ferromagnetically ordered system. At fieldglata it suddenly increases. This indicates that if only for
less than 20 kOe there is a marginal increas€ acbmpared fields higher than 8 kOe, spins are flipping towards the field
to the zero-fieldC value below and above the heat-capacitydirection, giving rise to a larger increase of positive peaks
peak around 15 K. There is a small but clear peakiat 4 compared to the negative minima in the plot®T 4 as a
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30 FIG. 4. Values oA T4 at the peak position plotted as a function
of field for the compounds Ce{Be, (x~0.86) and PrCyGe, (y
T T ~0.76).

nature of the magnetic ordering. Another peak in fiE,4
data is observed at 5 K, the origin of which is not clear at
present. There is only a minor increase®fvith the lower-

o ing temperature and the peak AT 4 arourd 5 K is arising

o, due to the crossing of the infield curve with the zero-field
curve. This rise irC with lowering temperature can be due to
either nuclear Schottky effects or another magnetic transition
at lower temperature. A similar increaseGmat low tempera-

o, ture was observed earlier in Pr compounds and was attrib-

v""vvvvv uted to nuclear Schottky effects. Our efforts to get a reason-
o0 N able fit to low-temperature data considering the nuclear
AAZ 900 effect was not successful. However, to say something con-
or ¥ 0000588806000 006.5 clusively it is necessary to extend the measurements down to

: , : ' : , lower temperature. We have seen a small humpTpgat 15
0 10 20 30 40 . . . L .
Temperature (K) K [Fig. 3(b)]. Since it coincides v_wth the temperature where
a sharp anomaly was observed in resistivity and zero-@eld

FIG. 3. Temperature dependence of the magnetocaloric effediata, this hump at 15 K is not due to the crystal-field effect
(AT, for the compounds CeGGe, (x~0.86) and PrCyGe, (y ~ but it is magnetic in origin.
~0.76). The inset in plota) highlights the low-field behavior of The plot of the maximum value & T4 at different mag-
AT_qnear the 15 K transition for the compound CgGa,. netic fields for the Ce and Pr compound is plotted in Fig. 4.

It shows a modest magnetocaloric effect. The value for the Pr
function of temperature. This behavior indicates a metamageompound is about 1 K/tesla for fields up to 2 tesla. The rate
netic transition for fields higher than 8 kOe. The metamag-of increase ofAT,4 decreases at higher field. Since the ef-
netic behavior around the 10 kOe field was also observetective magnetic moment of Ce and Pr is much smaller com-
earlief in this compound in isothermal magnetization andpared to the heavy rare earths the observed valueTqf is
magnetoresistance measurements. very interesting.

Interestingly the temperature dependenca of, shows a The magnetic transition temperature is the temperature
clear minima around 4 K even for the 40 kOe field, high-where the change in magnetization as a function of tempera-
lighting the antiferromagnetic nature of the ordering at thisture is maximum. It corresponds to the zero-field heat-
temperature. This also indicates that antiferromagnetic couzapacity inflection point above the heat-capacity ge&khe
pling at tre 4 K transition is stronger than at the 16 K tran- magnitude of AT,y is also maximum where the rate of
sition. Since the 4 K transition appears to be due to the verghange of magnetizatiofes a function of temperatures
small amount(~1 wt%) of the CeCyGe, phase, it may maximum. The maximum value & T,4 occurs at the tem-
indicate the strength of the technique and sensitivity of ouperature where th€ as a function of temperature at two
measurements. different magnetic fields Hnitia »Hiina) Crosses each other

The AT ,q0f the Pr compound is shown in Figi8. It has  (Tgsd. It implies that theT ,.scan be considered as a mag-
a positive peak around 23 K indicating ferromagnetic ordernetic ordering temperature fét;,;,=0. Dan’kovet al.” has
ing at that temperature. In contrast to thé&,4data of the Ce extended this idea to determine the magnetic ordering tem-
compound the data for the Pr compound does not give negderature even in the presence of a magnetic field considering
tive minima even for 0—-5 kOe. This shows the ferromagnetiche nonzero value ofl;., . They found a good agreement
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Whereas, in the case of the Pr compoundThgsshows a
o rapid increase for field values higher than 20 kOe. For the 40

: kOe initial field valueT,sis around 33 K. Our data high-
30} - light that one has to take this temperature as a transition
temperature with caution. Since in this case there is no heat-
PrCu Ge, capacity peak in the 40 kOe data, the determination of the
2 Y transition temperature from the heat-capacity inflection point

i / ] is not possible. Around 33 K, the heat capacity for the 40

0—0—9° : kOe field is larger compared to the zero-field heat capacity.
There is no other anomaly in the total heat capacity at 40
20r 7 kOe magnetic field around this temperature. It indicates ei-
ther the heat-capacity anomaly due to magnetic transition has
A\EecuxGez a been masked by the dominant lattice contributiaich is
151+ 4 4 R difficult to subtract in the absence of proper nonmagnetic
reference or the T iS NOt a true representative of the
0 0 20 30 20 transition temperature. More studies by various other inde-
H (kOe) pendent techniques and on Qifferent systems will justify the
weakness and strength of this method.

FIG. 5. The crossing point of versusT data (Tqgee) at two To conclude, the results of t_he_ measurements on
consecutive fields Hya s Hina) in kOe (0,5, (5,10, (10,20, CeCL_,QGeZ and_ PrCyGe, compounds .|nd|cate t.he magneto-
(20,40, and (40,80 plotted as a function oy - caloric effect is a useful and sensitive technique to under-
stand the nature of the metamagnetic transition and modifi-
cations of transitions in the presence of the magnetic field.

. X . Both compounds show a modest magnetocaloric effect,
tion point of C and the temperature corresponding to the

. which indicates the strong possibility of a much larger mag-
maximum value oA T,g. TheTCKOSSfor the Ce and_Pr COM- " netocaloric effect for similar compounds with heavy rare
pounds for two consecutive fieldsH (ia,Hfina) 1N kOe

earths.
(0,5, (5,10, (10,20, (20,40, and(40,80 are plotted in Fig.
5 as a function oH;,;5 - In the case of the Ce compound the  We thank Dr. B. A. Dasannacharya for his keen interest,

inflection point ofC and theTssare almost the same and fruitful discussion, and support. R.R. would like to acknowl-
they remain nearly constant with increasing magnetic fieldedge UGC, India for financial assistance.
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