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IRREVERSIBLE MAGNETIZATION PROCESSOF A PrCu2Ge2 SINGLE CRYSTAL�T. Shigeoka, Y. TanedaFa
ulty of S
ien
e, Yamagu
hi University, Yoshida, Yamagu
hi 753-8512, JapanM. Hedo, and Y. UwatokoInstitute for Solid State Physi
s, University of Tokyo, Chiba 277-8581, Japan(Re
eived July 10, 2002)Measurements of magnetization and magneti
 sus
eptibility have been
arried out on a tetragonal ternary PrCu2Ge2 single 
rystal 
ompound.It orders antiferromagneti
ally below TN=14.4 K whi
h is an anomalouslyhigh transition temperature. The magneti
 behavior in the virgin stateis di�erent from one in the state after magnetization saturation pro
essalong the 
-axis in low temperatures. The sus
eptibility of the virgin stateis enhan
ed below 3.5 K while one after saturation be
omes very small.An irreversible magnetization pro
ess appears in the virgin state while itbe
omes reversible after saturation, whi
h has been never seen yet.PACS numbers: 75.30.�m, 75.30.Cr, 75.20.Hr1. Introdu
tionThe ternary 
ompound PrCu2Ge2, 
rystallizing in the tetragonalThCr2Si2-type stru
ture, shows interesting magneti
 behaviors [1℄. It or-ders antiferromagneti
ally below TN=16 K whi
h is an anomalously hightransition temperature. The Néel temperature of the 
orresponding Gd
ompound is 12 K [2℄. The antiferromagneti
 stru
ture reported is theAF-type I; a simple 
ollinear stru
ture with the wave ve
tor (0,0,1), 
onsist-ing of ferromagneti
 
-planes 
oupled antiferromagneti
ally with the + � + �sequen
e [3, 4℄. The existen
e of another magneti
 transition at 4.2 K wassuggested by behavior of heat-
apa
ity, magneti
 sus
eptibility and ele
tri
alresistivity. The details are, however, unknown yet. In order to elu
idate this� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(1433)
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 behavior, measurements of magneti
 sus
eptibility and magneti-zation have been 
arried out on a PrCu2Ge2 single 
rystal 
ompound grownby the tri-ar
 Czo
hralski method. The magneti
 measurements have been
arried out for 1.8�300 K and 0�7 T by a sample extra
ting magnetometerat the Institute of Solid State Physi
s, University of Tokyo.2. Result and dis
ussionThe temperature dependen
e of magneti
 sus
eptibility along the threesymmetry dire
tions of tetragonal 
ell is shown in Fig. 1.
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Fig. 1. The temperature dependen
e of magneti
 sus
eptibility along the mainsymmetry dire
tions on a PrCu2Ge2 single 
rystal 
ompound. Here, [001℄V and[001℄A means a virgin state and one after saturation, respe
tively.The sus
eptibility is anisotropi
; the 
-axis sus
eptibility is larger thanthose in the basal plane, indi
ating the easy magnetization axis is the 
-axis. The sus
eptibility within the basal plane is almost isotropi
. Along the
-axis, a 
usp is observed at 14.4 K, attributed to the ordering temperature,whi
h is slightly lower than the previous report, 16 K [1℄. In low tempera-tures, the sus
eptibility shows a very pe
uliar behavior; the sus
eptibility ofa virgin state is di�erent from one after a saturation magnetization pro
ess.Below 3.5 K, a strong in
rease in virgin sus
eptibility 
an be observed withde
reasing temperature. After the magnetization is saturated by an applied�eld above 1.5 T at low temperature of 2 K, the sus
eptibility be
omes verysmall (the detail will be mentioned below). Then with in
reasing tempera-ture, it persists the small value below 3.5 K, in
reases rapidly around 4 K,rea
hes the value of the virgin sus
eptibility at 5 K and at last above 5 K, be-haves similarly to one of the virgin state. This behavior suggests a magneti




Irreversible Magnetization Pro
ess of a PrCu2Ge2 Single Crystal 1435transition around 4 K. On the other hand, there is no dete
table anomalyat the both temperatures along the [100℄ and [110℄ dire
tions in the basalplane. The high temperature paramagneti
 sus
eptibility follows the Curie�Weiss law along and perpendi
ular to the 
-axis. The e�e
tive magneti
moment estimated is 3.5 �B whi
h is nearly equal to the theoreti
al valuefor a Pr3+ free ion. The paramagneti
 Curie temperature is 9 K and ��7 Kalong and perpendi
ular to the 
-axis, respe
tively. The di�eren
e of 16 K isnot so large 
omparing to those of family 
ompounds PrM2X2 (M=Ru, Co,X=Si, Ge) whi
h have a huge magneti
 anisotropy [5, 6℄.Magnetization as a fun
tion of applied magneti
 �eld along the mainsymmetry axes at 2 K is shown in Fig. 2. Along the [100℄ and [110℄ di-re
tions in the basal plane, magnetization is linear and small, showing thatthese axes are the hard magnetization dire
tions. Within the basal plane,magnetization is almost isotropi
 in a low �eld region.
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Fig. 2. Magnetization 
urves along the main symmetry axes at 2 K on thePrCu2Ge2 single 
rystal 
ompound.On the other hand, magnetization along the easy 
-axis shows a verype
uliar behavior: an irreversible magnetization pro
ess; in the as
endingpro
ess, a four-step metamagneti
 pro
ess appears. Magnetization in
reasesrapidly around 0.2 T, 0.45 T, 1.15 T and 1.45 T, and rea
hes the satura-tion value of 2.34 �B with in
reasing �eld. Then in the des
ending pro
essafter saturation, it de
reases rapidly around 1.3 T, 
rosses over one of theas
ending pro
ess and rea
hes a very small value below 1.2 T. This pe
uliarirreversible pro
ess appears only in the virgin state (whi
h means the �rstmagnetization measurement rea
hed the saturation after 
ooling down.) andhas been never seen yet. The pro
ess in the se
ond run be
omes a one-step
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 one similar to one of the des
ending pro
ess in the virginstate with small hysteresis; it be
omes a reversible pro
ess. The irreversiblepro
ess 
an be observed up to 3.5 K. Above 4 K, the pro
ess be
omes re-versible; an as
ending pro
ess be
omes a one-step one with a larger initialsloop than one of the hard magnetization 
urve. The des
ending pro
essis similar to one of the as
ending pro
ess. Here, a small hysteresis 
an beseen. The one-step pro
ess persists up to TN. The temperature dependen
eof magneti
 sus
eptibility 
hanges 
orresponding to 
hange of magnetiza-tion pro
ess. After a saturation pro
ess at a low temperature, the initialsus
eptibility be
omes very small for low temperatures and re
overs aboveabout 4 K with in
reasing temperature. This dependen
e is in 
ontrast toone of the virgin state (see Fig.1). This behavior indi
ates the existen
eof a magneti
 phase transition around 4 K. In the four-step metamagneti
pro
ess, the magnetization of ea
h plateau is 0.09 �B, 0.27 �B, 0.45 �B and2.34 �B, 
orresponding to 1/26Ms, 3/26Ms, 5/26Ms and Ms(= the satura-tion moment), respe
tively. It is worth noting that the ratios have a 
ommondenominator (= 26), suggesting this metamagneti
 pro
ess o

urs by spin-�ip transitions. The saturation moment is in good agreement with one ofthe previous neutron di�ra
tion report [3, 4℄. It is, however, di�
ult to un-derstand this pro
ess on the basis of a simple antiferromagneti
 stru
turereported.Although the origin of the irreversible pro
ess is unknown yet, orbitale�e
ts, quadrupolar e�e
ts may be responsible. Further study is now inprogress. REFERENCES[1℄ E.V. Sampathakumaran, I. Das, R. Vijayaraghavan, Solid State Commun. 83,609 (1992).[2℄ A. Szytula, J. Le
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