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Abstract

The magnetization has been measured of single crystals o§88nGa. (R=Th, Er, Tm and Yb and~ 1) compounds at 4.2 K in high
magnetic fields up to 65T applied along the main crystallographic directions. At low temperature, where the magnetocrystalline anisotropy
is determined by the R contribution, these compounds exhibit easy-axis anisotropy wittaxieas preferred moment direction. The
magnetization display a variety of field-induced phase transitions which are particularly pronounced in the compounds with Tb, Er and Tm.
The Yb compound exhibits the onset of a phase transition in the field region above 65 T. The results are discussed in terms of the interplay
between the antiferromagnetic intersublattice R—Mn coupling and the magnetic anisotropy.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction allel to the Mn moments and imposes a strong contribu-
tion to the total magnetocrystalline anisotropy upon cool-
The hexagonal HfFgS e5-type (P6fmmm) RMngGes com- ing from room temperature to cryogenic temperatures, lead-

pounds, with R=Sc, Y or one of the rare-earth elements, ing to spin-reorientation transitions at intermediate temper-
have recently been subject of many studiess]. Due to the atures (s, seeTable ). The dominance of the R-sublattice
complicated interplay between the various intra- and inter- anisotropy at low temperatures leads to preferred moment
sublattice magnetic interactions and the magnetocrystallinedirections characterized by an easy axis for the compounds
anisotropy of both the R and the Mn sublattice, they dis- with R=Tb, Er, Tm and Yb and by an easy cone for R =Dy
play a wide variety of magnetic behaviour. Recently, in- and Ho.

vestigations of RMpGes—,Ga, solid solutions (R=Sc, Y, In a recent investigatiof®], we have further studied the
Gd-Lu) have shown that by partial replacement of Ge by Ga magnetic properties of single crystals of RMB®&;_.Ga,
the ferrimagnetic state, with Curie temperaturég)(well compounds by measurements of the magnetization at 4.2K

above room temperature, is stabilized for all these R ele- in high magnetic fields up to 55T applied along the main
ments[6-8]. In the compounds in which the R component crystallographic directions. The interplay between the anti-
does not possess a magnetic moment the Mn-sublattice moferromagnetic intersublattice R—Mn coupling and the magne-
ment orders ferromagnetically with preferred moment di- tocrystalline anisotropy was found to lead to very pronounced
rection perpendicular to the-axis. If also the R compo- field-induced magnetic phase transitions in the compounds
nent has a magnetic moment, the latter couples antipar-with Th, Dy, Ho, Er and Tm. The observed magnetization
processes for the compounds with Th, Er, Tm and Yb made
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Table 1 8
Unit-cell parameters, Ga contents and magnetic-transition temperatures of TbMn_Ge, ,,Ga, .,
RMngGe;.,Ga, compounds with R=Tb, Er, Tm and Yb (sg8 for further 3 )
information) - P
- - 6 B / ‘Mn _r* \
R x a(A) c(A) cla Tc (K) Ter (K) —B|la ; o /
............ Bl b 3 P
Tb 0.78 5.228(2) 8.221(5) 1.5725 408 9 b B“ c To /! ¢/ uB
Er 091 5.212(3) 8.206(5) 15744 361 186 —_ \ RN AN ]
Tm 0.87 5.209(3) 8.208(5) 15757 352 45 ; 4 \ H : \Tb \“’W
Yb 063 51983) 8.182(5) 15741 358 210 Es PN
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the present study of the evolution of the magnetization in 2r ﬂA\ /
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2. Experimental 0 10 20 30 40 50 60 70
P B(T)
The RMnsGes—.Ga CryStals for the present StUdy have Fig. 1. Magnetization curves of TOM@e; 2,Gay 7gat 4.2 K.

been obtained by a flux meth@@]. It produces well shaped
hexagonal prisms with masses of 1-5mg. Some of the crys-it is a first-order transition. Above the transition, the magne-
tals have been analyzed by X-ray diffraction using a Guinier tization further increases as both sublattice moments further
camera (Co k). The Ga content has been checked at the pend into the direction of the applied field. When the field
Service Commun d’Analyse par Microsondes Electroniques js applied within the basal plane, along thexis or theb-
de I'Universieé de Nancy I-Henri Poincarusing an SX50  axis, the total moment turns away from thexis and bends
electron probe. The results of these characterizations are coltowards the field direction, thereby retaining the antiparallel
lected inTable 1 configuration of the sublattice moments as much as possible.
ngh-f|6|d magnetization studies have been carried out in The magnetizations a|0ng theand theb-direction are quite
the High-Field Installation at the University of Amsterdam  similar, indicating the anisotropy within the basal plane to
in fields up to 40 T and in the Research Center for Materials be very small, and no magnetization Jump is observed up to
Science at Extreme Conditions at Osaka University in pulsed 65 T in theb-direction.
fields up to 65 T with pulse duration of 7 ms. The fields were The magnetizations for ErMiB 65 0dGay 91 at 4.2 K mea-
applied along the-axis (the [1 0 0] direction), the-axis (the  sured by pulsed fields are presentedrig. 2 Like in the
[120] direction) and the-axis (the [0 0 1] direction) insome  Th compound, also in this compound the easy magnetization
compounds. The high-field measurements were performed ongirection is along the-axis. The ferrimagnetic moment ar-
samples consisting of several stacked platelets, all orientedrangement is the same as in the case of the Th compound, the
in the same way. The total mass of the samples varied be-resulting moment being;2g. With the free-ion value of fig
tween 2.6 and 13.9 mg, depending on R element and the fieldfor Er, we can estimate the moment of the Mn-sublattice to
direction. be 11.5. At about 32 T, there is a large jump in the magneti-
zation, from the strict antiparallel moment configuration to a

3. Results and discussion ————

o0l EMnGe,Ga,,, // Mntag \\:---
The high-field-magnetization of the compound ThiMn Blla el ) -
Ges5.20Gay 78 obtained at 4.2 K in magnetic fields up to 65T B|b //;E\ T

BN —
applied in thea-, b- andc-directions, is shown ifrig. LAt | ------ B¢ ( Ery
\

4.2 K, the compound hasaxis anisotropy which is dictated | — ; ""/" \ i
by the Tb anisotropy. The collinear antiparellel configura- 3 '2[ - ™ ) L?
tion of the Th- and Mn-sublattice moments in zero field, with \

a resulting moment of 24g is depicted inFig. 1 the to-
tal Mn-sublattice moment being larger than the Th-sublattice I \E,
moment. If we assume the Tb moment to be equal to the —
free-ion value of Qug, we can estimate the moment of the L B/
Mn sublattice to be equal to 11u4. If the field is applied ro T T ONE
along thec-direction, the antiparallel moment configuration 00 20 30 20 50 60 70
is maintained up to about 52 T, where a large jump in the B (T)

magnetization occurs to a bended-moment configuration, as

indicated inFig. 1 The occurrence of hysteresis indicates that Fig. 2. Magnetization curves of ErMBes 0gGay o1 at 4.2 K.
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bended configuration. The transition field of 32 T is apprecia- proceeds progressively with increasing field. Above 50 T, the
bly lower than the field of 52 T for the Tb compound which magnetization exhibits a tendency toward saturation which is
may be due to the smaller intersublattice exchange couplinggradually accomplished above 60T at a value ofugif.u.
in the Er compound. At about 42 T, a second, smaller mag- The magnetization measured with the field applied in the hard
netization jump, presumably to the configuration indicated magnetization direction, along theaxis, shows that there is
in Fig. 2, is observed. Above this minor jump, the Er and no spontaneous magnetization below 1.5T. Between 2 and
Mn moments gradually bend into the direction of the applied 18T, there is an almost rigid rotation of both sublattice mo-
field. At57 T, asmooth, but large, transition is observed to the ments, implying that anisotropy is weak. In this field range,
forced ferromagnetic state with a saturation magnetization of the magnetization is slightly larger than that alongdteis,
20pp/f.u. is found. With the free-ion value ofi9s for the Er because of a slight deviation of the Tm moment which is fa-
moment, this leads to a Mn-sublattice moment ofig1f.u., vored by the easy-axis anisotropy of Tm. As shown Fig. 3,
in accordance with the value derived from the saturation mo- the jump in magnetization around 18 T can be interpreted as
ment in the ferrimagnetic state. Similar to what is found for a jump of the Tm moment into the easy-axis direction which
the Th compound, the magnetizations alongithend theb- is also closer to the applied-field direction at the cost of some
direction are very similar, pointing to small anisotropy within  of the antiferromagnetic intersublattice-coupling energy. The
the basal plane. Magnetization jumps are observed at 58 T intransition field is lower than that along theaxis because the
the a-axis with moment value 1@8g/f.u. reached and in the  configuration after the transition is favored by the easy
b-axis with moment value 17 jbg/f.u. reached. axis anisotropy of Tm. Above the magnetization jump, the
Fig. 3shows the magnetizations for TmiBes 13Gay 87 magnetization increases steadily as a consequence of further
measured in fields up to 65T applied along the three main bending of the two sublattice moments. Along thaxis, the
crystallographic directions. Like the two compounds dis- jump around 20 T becomes less pronounced compared to the
cussed above, also this compound hagthgis as easy mag- one in 18 T along the-axis. Saturation is reached via a final
netization direction. The ferrimagnetic moment arrangement jump at 51 T to a value of 1ig/f.u., the same value as along
is the same as for the Tb and the Er compound with a re- the c-axis direction. From this result we conclude that there
sulting moment of 4ug. With the free-ion moment of g is no appreciable anisotropy of the magnetic moment. With
for Tm this leads to a Mn-sublattice moment of dd/f.u. If the free-ion moment of idg for Tm, the saturation moment
the field is applied along the direction, the magnetization  of 17 pg/f.u. gives a Mn-sublattice moment of §@/f.u. On
slightly increases in the range up to about 20 T which is most the other hand, from the observed magnetization values in
likely due to a deviation of the Tm sublattice magnetization the ferrimagnetic and forced-ferromagnetic state pg#4.u.
from its easy direction. At 22 T, a magnetization jump oc- and 17ug/f.u., respectively, a Tm moment of G and a
curs from the almost antiparallel moment configuration to a Mn-sublattice moment of 104og are evaluated.
bended configuration. The transition field of 22 T is much The magnetizations of YbMyGe; 37Gay g3 are presented
lower than the transition fields of 52 and 32T observed for in Fig. 4 When the field is applied in thedirection, which
the Th and the Er compound, respectively. This may be due tois also for this compound the easy magnetization direction, a
a further reduction of the intersublattice exchange coupling spontaneous magnetization of about;8g#f.u. is found and
in the Tm compound compared to the Th and Er compound. the magnetization increases linearly to a value ojg24.u.
Above the jump, the magnetization increase is faster than thatup to 30 T. Above this field value, the magnetization starts dis-
below the jump, which corresponds to a bending process that
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Fig. 3. Magnetization curves of TmM@e; 13Gay g7 at 4.2 K. Fig. 4. Magnetization curves of YoM@Ge; 37Gap ez at 4.2 K.
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playing upward curvature which becomes more pronounced R—T compounds, has first been reported by Beloritzky et al.
with increasing field and which may be indicative for a mag- [10] and has been explained in terms of an increasing 4f-5d
netic transition above 65 T. The very high field value of this distance and therefore decreasing 4f—5d interaction with
possible transition clearly does not fit into the sequence 52 T, increasing Z.

32T and 22T of the transition fields observed for the Tb, Er

and Tm compound, respectively, so that we may conclude

that the transition will be of another type. The magnetization Acknowledgment
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