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The magnetic properties of single crystals of rare-earth compounds of compdiliogGe;_,Ga, (x=1)
have been studied. In these compounds, the Mn sublattice orders ferromagnetically with a preferred moment
direction perpendicular to the axis. In the compounds in which also tlRecomponent carries a magnetic
moment, the latter couple antiparallel to the Mn moments. Upon cooling from room temperature to cryogenic
temperatures, th&-sublattice anisotropy becomes the dominant contribution to the total magnetocrystalline
anisotropy, which leads to a spin-reorientation transition at intermediate temperatuRsTbrYb. At low
temperatures, the preferred moment directions are characterized by an easy Bxi$oiEr, Tm, and Yb and
by an easy cone foR=Dy and Ho. A satisfactory account of the observed preferred moment directions has
been given in terms of crystal-field theory. Measurements of the magnetization in the main crystallographic
directions have been made in high magnetic fields, up to about 55 T. The interplay between the antiferromag-
netic intersublatticeR-Mn coupling and the magnetocrystalline anisotropy leads to field-induced magnetic
phase transitions which are particularly pronounced in the compounds with Ho, Er and Tm.
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I. INTRODUCTION pacted into pellets and put into a silica tube with a large
amount of In and Ga metal giving rise to the overall atomic
The hexagonal HfRSestype RMneGe; compounds, 46 RMn,GeyGay-Ing,. A quartz-wool stopper is introduced

with R=Sc, Y, or one of the rare-earth elements, have beeﬂ,] the silica tube which is sealed under arg@67 mbay.
extensively studied during the last decadeThey display a  The tube is placed in a furnace and quickly heated to 1273 K

wide variety of magnetic behavior originating from the dif- (50 K/h) where it remains during 24 h. The furnace is then
ferent Mn-Mn, R-Mn and R-R exchange interactions and/or sjowly cooled down to 1223 K6 K/h), heated again up to
from contributions to the magnetocrystalline anisotropy due1263 K at the same rate and finally slowly cooled down to
to both theR and the Mn sublattice. An analysis of the mag- 873 K in 65 h. The tube is quickly removed from the furnace,
netic properties of all these materials is seriously hampereghverted and centrifugated manually using a David’s sling
because the Mn moments form two separate sublatticegevice. After this treatment, the single crystals remain on the
whose moments adopt a mutually canted orientation. Howeuartz wool stopper and the In-Ga flux lies at the bottom of
ever, recent investigations oRMngGe;_,Ga, (0=x=<2) the tube. The remaining flux on the crystals is removed using
solid solutions have revealed interesting propefiiésAt a  diluted hydrochloric acid. This method produces well shaped
fairly modest Ga-substitution level, it has been observed thdtexagonal prisms with masses of 1-5 mg. Except for the Sc
the Mn moments become collinear in all pseudoternary comcompound, their mean size decreases with the rare-earth
pounds. This feature leads to the stabilization of a ferrimag@tomic size. Some of the crystals have been ground and ana-
netic moment arrangement for all compounds in wiicls  yZeéd by x-ray diffraction using a Guinier camef@oKa).
magnetic, offering the opportunity to easily check the evolu-The Ga content has been checked at the Service Commun
tion of the magnetocrystalline anisotropy as a function of the Analyse par Microsondes Electroniques de I'Université de
R element. In the present paper, we present results of magiancy I-Henri Poincare using an SX50 electron probe.

netization measurements performed on single-crystalline The_thermal variation of the magnetization has bee_n mea-
samples in fields up to about 55 T sured in a DSM8 magneto-susceptometer in an applied field

of 0.1 T in the temperature range 5-450 K. The Curie tem-
perature and the spin-reorientation-transition temperature
Il EXPERIMENTAL have bgen Faken at the maximgm_of the first deriMdT
Magnetization measurements in fields up to 7 T in the tem-
The RMnsGe;_,Ga, crystals for the present study have perature range 6—300 K have been performed in the SQUID
been obtained by a flux method. A mixture of R)BE;, magnetometer at the Service Commun de Magnétisme de
obtained by induction melting, and elemental Ge is com{'Université de Nancy I-Henri Poincaré.
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TABLE |. Cell parameters, Ga contents and magnetic propertiddvofsGe;_,Ga, crystals(R=Sc, Y, Gd-Ly.

a c Tc Ter Mgl c Mglic Mg Ocons nn?
R X A) A cla (K) (K) (up)l (07%)) (1) () (ug)
Sc 0.82 5.16@) 8.1515) 1.5791 386 - 9.85 0 9.85 90 1.64
Y 0.83 5.2263) 8.2146) 1.5719 350 - 11.05 0 11.05 90 1.84
Gd 0.81 5.23@®) 8.2375) 1.5731 413 - 4.50 0 4.50 90 1.92
Tb 0.78 5.228) 8.22%5) 1.5725 408 196 0 2.34 2.34 0 1.89
Dy 0.83 5.2283) 8.2186) 1.5719 390 260 1.16 0.89 1.46 53 1.91
Ho 0.95 5.2213) 8.2175) 1.5738 372 143, 260 0.79 1.15 1.40 34 1.90
Er 0.91 5.2123) 8.2085) 1.5744 361 186 0 2.07 2.07 0 1.85
Tm 0.87 5.2083) 8.2085) 1.5757 352 45 0 4.05 4.05 0 1.84
Yb 0.63 5.1983) 8.1825) 1.5741 358 210 0 8.77 8.77 0 2.13
Lu 1.00 5.1993) 8.2025) 1.5776 353 - 11.15 0 11.15 90 1.86

aM represents spontaneous magnetization.
bCalculated aguy,=1/6(Mg+us"), assuming the theoretic&®* free-ion value.
CO.one=arctariMg L c/ Mgl C).

High-field magnetization studies have been carried out irence the magnetic properties of the Mn sublattice and the
the High-Field Installation at the University of Amsterdam in differences in magnetic properties observed for the com-
fields up to 38 T with pulse duration of about 0.5 s and in thepounds studied should reflect the influence of fhelement.
Research Center for Materials Science at Extreme Condifhe single-crystal refinement of the structure of
tions at Osaka University in pulsed fields up to 55 T with aErMneGe; 1Ga, o has been reported elsewhér&r is posi-
pulse duration of usually 8 ms and in some cases 20 ms. Thieoned at & (0, 0, 0, Mn at G (1/2, 0,z=0.2489, Ge, at 2
magnetic fields were applied along taexis, theb-axis and  (1/3, 2/3, 0, Ge, at 2d (1/3, 2/3, 1/2 and Gg at 2 (0, O,
the c-axis as depicted later in Fig(&, where they are per- z=0.3463. An analysis of the atomic coordinates suggests
pendicular to each other. Because of the rather high residu#that the Ga atoms are mainly located at the Gige in fair
resistivity of theRMng(Ge, Gag samples, the eddy-current accordance with neutron-diffraction resuits.
effect is negligibly small in the present pulsed-field measure-
ments. This is confirmed by the fact that the field-decreasing B. Magnetic properties

process well coincides with the field-increasing process. 1. Thermal variation of the magnetization in low magnetic field

The thermal variation of the magnetization in 0.1 T be-

ll. EXPERIMENTAL RESULTS tween 5 and 450 K is shown in Figs. 1 and 2 for all studied
RMng(Ge, Gag compounds and the results are summarized
in Table I. For the compounds with the nonmagnetic ele-

Analysis of the Guinier patterns shows that all studiedments Sc, Y and Lu, one observes a decrease of the ordering
crystals are isotypic with the hexagonal HfEe; structure.  temperature with increasing atomic size of these elements
The Ga contents and the lattice parameters are presented ig. 3). Most likely, this dependence is related to the corre-
Table I. Although similar initial atomic concentrations have sponding increase of the Mn-Mn interatomic distances. An
been used for the synthesis, the final Ga contents in the crygpposite dependence is observed for the compounds contain-
tals may slightly vary. This is inherent in the presently useding R elements that carry a magnetic moment. The ordering
type of synthesis method and is particularly pronounced fotemperature decreases on going from the Gd compound to
the Yb compound, a feature which might be related to ahe Yb compound, thus accounting for the dominant influ-
possible abnormal valence of this element. For the othegnce of theR-Mn interaction that decreases from Gd to Yb.
crystals, the Ga concentrations range betwee0.78 and  The RMnsGe;_Ga, compounds in whictR does not carry a
x=1.00 with an average value=0.87. Previous studies on magnetic momentR=Sc, Y, Lu), as well as the Gd com-
polycrystalline LuMRGe;,Ga, samples have shown that the pound possess easy-plane anisotropy in the whole ordered
magnetic properties of the Mn sublattice drastically varyrange(Fig. 1). The magnetization vs field curves recorded at
only for small Ga concentrations, in the range0.0 to 0.6 10 and 300 K enable a rough determination of the anisotropy
However, for the Ga concentrations considered in the preseff the Mn sublattice at these temperatures. Results obtained
paper, the ferromagnetic state is fairly staljteached in by means of the Sucksmith and Thompson methade re-
LuMngGe;_Ga, for x close to 0.89 and persists for larger ported in Table Il. The anisotropy type is determined by the
Ga concentrations, giving rise only to a small decrease of theone angle, i.e. the easy axis féy,,.=0°, the easy plane for
Curie temperature(AT,/Ax~-67 K).” Therefore, in the ¢_,=90° and the easy cone in the other cases.
studied Ga-concentration range, the variation of the concen- The temperature dependence of the magnetization of the
tration measured in the crystals should not drastically influcompounds in which also thR atom carries a momerR

A. Crystal structure
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FIG. 1. Thermal variation of the magnetization of
RMngGe;Ga, compounds wittR=Sc, Y, Gd and Lu in an applied & \. Blic ]
field of 0.1 T. No correction has been made to take into account the 2
effect of the demagnetizing field

=Tb-Yb) is displayed in Fig. 2. The results indicate an easy-
plane arrangement at ambient temperature and a spin-
reorientation transition at lower temperature. For the Th, Er ‘
and Tm compounds, the magnetization measured perpen- 100 200 a0 400 500 0 100 20 300 400 500
dicular to thec-axis drastically decreases below the spin- T(K) T(K)
reorientation-transition temperature whereas this transition is o o
more gradual for the Yb compound. At low temperature, the  FIG. 2. Thermal variation of the magnetization of
Dy and Ho compounds still exhibit nonzero spontaneoudstMneGe-Ga: compounds withR=Tb=Yb in an applied field of
magnetization in the direction perpendicular to thexis, 0.1 T. No correct_lqn he_ls been made to take into account the effect
indicating a conical structure which is in fair accordance®f the demagnetizing field.
with neutron-diffraction result$1°An additional transition is o
observed in the magnetization curve of the Ho compoundween 6 and 300 K. The magnetization curves of the Ho
measured perpendicular to toeaxis, in agreement with the compound are shown in Flg. 4, with the applied field parallel
neutron-diffraction results that show that at 175 K the mo-and perpendicular to theaxis. Between 150 and 200 K, the
ment direction is close to the-axis1° magnetization measured perpendicular to ¢kexis clearly

The compounds that have easy-axis anisotropy at lovghows the absence of spontaneous magnetization, accounting
temperature display rather large coercive fielgsH.

| ff,c,é,.,.,”..

=1.1T for Th, 0.9 T for Er, 0.2 T for Tm and O T for the Yb 420 ' ' ' " im
compoung. The magnitude of the coercive field is rather 4104 Tom
well related to the temperature of the spin-reorientation tran- 400 .
sition. The Yb compound does not exhibit a large coercive 390 Sc Dy i
field, in spite of its high transition temperature. = =
< 3804 ]
The Mn moments deduced from the spontaneous magne- = He
tization, assuming th& atoms to possess the theoretiBaf = 970 w 1
free-ion moment are presented in Table I. The spontaneous 360+ - - ]
Mn moment of the Yb compound is anomalously large, in- 350 L ooy .
dicating that Yb does not possess its full trivalent moment in 340 : : : : :
this compound. 070 075 080 085 0980 095 1.00
3+
2. Field and temperature dependence of the magnetization (R

The magnetization of the compounds with Ho, Tmand Yb  FIG. 3. Variation of the Curie temperature BMngGe;_,Ga,
has been measured in fields up to 7 T at temperatures beempounds with the ionic radius of tieelement.
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TABLE 1l. Anisotropy constants of the Mn sublattice in

RMngGe;_,Ga, compounds wittR=Sc, Y, Gd, Lu.

T K" K" Anisotropy
R (K) (MJ/m®) (MJ/m®) type
Sc 300 —0.10 0.02 Easy plane
10 -0.14 0.01 Easy plane
Y 300 -0.07 0.02 Easy plane
10 -0.22 0.01 Easy plane
Gd 300 -0.17 0.01 Easy plane
10 -0.27 0.00 Easy plane
Lu 300 —0.08 0.01 Easy plane
10 -0.33 0.07 Easy plane

for the occurrence of a uniaxial magnetic structure in a lim-
ited temperature range. Below 100 K, spontaneous magneti-
zation occurs along both of the two measuring directions
thus indicating a conical structure with a semi-cone angle

close to 34°.

Results obtained for the Tm compound are shown in Fig.
5. Spontaneous magnetization is observed in the magnetiza-
tion curves perpendicular to theaxis above 100 K and

along thec-axis only at 6 and 30 K. As seen in Figdp at

6 K, an applied field of about 2 T is sufficient to rotate the

HoMn Ge, Ga . BLc

o n 1 L 1 1 1 " 1 L 1 n 1 L 1

B(T)

FIG. 4. Magnetic isotherms of HOMGe; o:Ga&, 95 Measured
between 6 and 300 K@) perpendicular to the-axis and(b) along
the c-axis.
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FIG. 5. Magnetic isotherms of TmM@e; 1{Ga g, measured
between 6 and 300 K@) perpendicular to the-axis and(b) along
the c-axis.

moment into thee direction and hysteresis is involved in this
process.

Figure 6 shows the results for the Yb compound. The
magnetization curves recorded perpendicular to dlaxis
display strong anisotropy effects below 50 K and an applied
field of 7 T is not able to align the magnetic moments per-
pendicular to thes direction.

3. Magnetization in high magnetic fields

Magnetization measurements at 4.2 K in fields up to about
55 T have been made on the compounds with Gd, Th, Dy,
Ho, Er, Tm, Yb and Lu, of which single crystals were avail-
able of sufficient size for high-field experiments.

The magnetic isotherms measured on the Gd compound
along the two principal directions are displayed in Fig. 7.
The inset diagranga) displays the defined-, b- and c-axis
in the hexagonal basal plane. Initially, the Gd-sublattice mo-
ments are antiparallel to the Mn-sublattice moments in the
basal plane as schematically shown in diagtBmwith a net
moment of about 4.5/f.u. Note that in the schematic mo-
ment configuration diagrams here and hereafter the horizon-
tal direction indicates tha-axis while the vertical direction
indicates thec-axis. With field along thex-axis, a field of 47
T is still not high enough to lead to canting of the Mn and Gd
moments towards each other, which could finally lead to a
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B (M)

FIG. 8. Magnetization of TbMgGe; ,,Ga 75 measured at 4.2 K
along thea-axis, theb-axis (dotted curve and thec-axis. The sym-
bols represent SQUID measurements for calibration.

diagram (a), the total Mn-sublattice magnetization being
larger than the Th-sublattice magnetization. At about 52 T,
when the measurement is along tbalirection, there is a
large jump in the magnetization, from the moment configu-
ration in diagram(a) to the one in diagranib). The large
hysteresis indicates the typical character of the first-order
magnetic transition. When the field is along thaxis, the
total moment will turn away from the-axis, retaining the
antiparallel intersublattice coupling as far as possible and
bending towards the field directidaliagram(c)]. No mag-
netization jump is observed up to 54 T. In this connection,
FIG. 6. Magnetic isotherms of YbMGe; 3/Ga g3 measured we note that we observed only a minor difference between
between 6 and 300 K@) perpendicular to the-axis and(b) along  the a-axis and theb-axis. Above 15 T, the shift to the lower
the c-axis. magnetization for thé-axis, compared to the-axis, became
. ) ) more pronounced with increasing magnetic fields, indicating
fOfC‘?d ferrqmagnenc arrangement. W'th a.f'el.d along thea slightly larger energy barrier for the bending towards the
c-axis, the linear increase of the magnetization in the begmb-axis
ning corresponds well to a rigid rotation of both sublattices Th : its for the D q displaved in Fig. 9
towards thec-axis against anisotropjdiagram(c)]. A slug- e results for t € Dy compound are dispiayed in Fig. .
gish increase of magnetization from 5 T until 47 can peAt about 40 T there is aclear_ transition in the magnetization
explained by the Gd-sublattice bending towards the magnetig?€asured with the field applied along thedirection. One
field direction[diagram(d)]. small jump around 22 T is observed in the isotherm mea-
Results obtained for the Th compound are shown in FigSured along the direction. In this compound, the moment

8. The initial moment arrangement is shown schematically ifRffangement is of the easy-cone type. Therefore, the magne-

6 10
r denGGes.wGaom Bllc

5

M (u/f.u.)

3 DyMnsGe5.17Gao.ss

s Blla
Bi Bi
—_—~ Gd Mn / Mn / Mn —_
3 3k / / 5
= Gd # Gd /i =
s ®) ©) @ b =
= o b=
a
1 hexagonal basal plane
@
0 1 1 1 1
0 10 20 30 40 50

FIG. 7. Magnetization of GdMyGGe; 1dG& g1, measured at 4.2 K FIG. 9. Magnetization of DyMgGe; 1/Gay g3 measured at 4.2 K
along thea-axis and thec-axis. See the text for the inset diagrams. along thea-axis, theb-axis (dotted curvg and thec-axis. The sym-
The symbols represent SQUID measurements for calibration. bols represent SQUID measurements for calibration.
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HoMn_ Ge, Ga, ErMn Ge, Ga, ., iB

M (u /f.u.)
M (u/f.u.)
[e]

FIG. 10. Magnetization of HOMGe; 0:G& 95 Measured at 4.2 FIG. 11. Magnetization of ErMyGe; odGa o1, measured at 4.2
K along thea-axis, theb-axis (dotted curvg and thec-axis. The K along thea-axis, theb-axis (dotted curve and thec-axis. The
symbols represent SQUID measurements for calibration. symbols represent SQUID measurements for calibration.

tization measured along both directions increases strongly &ponding to the small jump along tieaxis in the Ho com-
the beginning. Bearing in mind that the Mn-sublattice aniso-pound shifts toward a higher field instead of to a lower one
tropy is much smaller than the Dy-sublattice anisotropy andas in the Dy compound, indicating a smaller anisotropy en-
that the Mn and Dy moments tend to couple antiparallel agrgy along the a-axis than along theaxis.
far as possible, we interpret the jump of the magnetization at The results for the Er compound are shown in Fig. 11.
40 T as a moment rearrangement from the configuration ifLike in the Th compound, the easy magnetization direction is
diagram(a) to the one in diagrangb). The increase of the alongc and we will discuss the results of the corresponding
magnetization above the jump can be attributed to a graduaotherm first. The moment arrangement in low fields is as
bending of the Mn- and the Dy-sublattice moments into theshown schematically in diagraga), the total Mn-sublattice
direction of the applied field. In the small magnetization magnetization being larger than the Er-sublattice magnetiza-
jump in the isotherm measured in the direction along the aion. At about 32 T, there is a large jump in the magnetiza-
axis, the change in magnetic moment arrangement affects thion, from the moment configuration in diagrag@) to the
antiparallel coupling between the two sublattices onlyone in diagram(b). The lower transition field 32 T here,
slightly, as can be seen when comparing diagg@mwith  compared to that 52 T in Tb compound can be explained by
diagram(d). The smallness of this jump probably originatesa lower intersublattice-coupling strength in the Er com-
from the fact that, due to the initial cone arrangement, ther@pound. A second, smaller magnetization jump, presumably to
is not much change in magnetization between the momerthe configuration in diagrart), is observed at about 42 T.
arrangements displayed in diagraieg and (d). The small  Above this minor jump, the Er and Mn moments gradually
jump in the direction along the b-axis starts at a lower fieldbend into the direction of the applied field. In the isotherm
16 T than that 20 T along tha-axis. This can be interpreted obtained when the field is applied along the hard direction,
by a smaller anisotropy energy along thexis than along i.e. thea-axis, no magnetization jump is observed up to 56 T.
the a-axis for the Dy magnetic sublattice. In this magnetization process, the total moment will turn
Like in the Dy compound, the moment arrangement isaway from thec-axis, retaining the antiparallel intersublat-
also of the easy-cone type in the Ho compound, so that thiice coupling as far as possible as depicted in diagfm
two magnetic isotherms for the Ho compound shown in Fig.Eventually, the two sublattice moments will be oriented in
10 exhibit close resemblance to the ones for the Dy comthe direction of the applied field. Similar to the Tb com-
pound. Starting from a moment configuration correspondingpound, the magnetization curve for theaxis starts shifting
to diagram(a), the magnetization measured with the field towards lower values from that for tteeaxis at 25 T and the
applied along the direction exhibits a jump at 33 T from the deviation becomes larger in higher fields. This deviation
moment arrangement depicted in diagrémnto that in dia-  might be recovered by an additional step in the isotherm for
gram(c). In the Ho compound, the intersublattice-coupling the b-axis at an even higher field than that of the current
strength, tending to keep the Ho and Mn moments antiparakexperiment.
lel, is smaller than in the Dy compound which explains why — The magnetic isotherms measured for the Tm compound
the field of the magnetization jump is smaller in the formerin the three main crystallographic directions are shown in
33 T than in the latter 40 T. There is a small magnetizationFig. 12. If the field is applied along thedirection, which is
jump around 10 T in the isotherm measured with the fieldthe easy magnetization axis, the magnetization slightly in-
applied along the direction, which corresponds to an even- creases in the range up to about 20 T which is most likely
tual change in moment arrangement as displayed in diagramiie to a deviation of the Tm sublattice magnetization from
(&) and(d). Again just like in the Dy compound, the magne- its easy direction, as indicated in diagraim. At 22 T, a
tization measured along theaxis is only slightly different magnetization jump occurs from the configuration in dia-
from that along thex-axis. However, the critical field corre- gram (b) to that in diagram(c). Above the jump, the two
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FIG. 12. Magnetization of TMsGe; 14Ga g7 Mmeasured at 4.2
K along thea-axis, theb-axis (dotted curvg and thec-axis. The FIG. 14. Magnetization of LuMgGesGa, measured at 4.2 K
inset shows SQUID measurements for calibration. along thea-axis and thec-axis. The solid lines represent SQUID

. . . . measurements for calibration.
sublattice moments gradually bend further into the field di-

rection as indicated in diagra(d). In the Tm compound, the i . .
magnetization jump occurs at a much lower field strengtrfram(f) is favored by the axial anisotropy of the Tm sublat-

than in the Er compound where it is found at 32 T. This cantice- Above the magnetization jump the magnetization in-
be explained by the fact that thB-Mn intersublattice- C'€aS€s steadily as a consequence of further bending of the
coupling strength is weaker in the case of Tm than in thdWO Sublattices towards each otfellagram(g)]. Along the
case of Er. The isotherm measured with the field applied iff~2XiS, the jump around 20 T becomes less pronounced com-
the hard magnetization direction, along thaxis, initially ~ Paréd to the one in 18 T along teeaxis. The saturation
has no spontaneous magnetizationBamaller than 1.5 T as Magnetization is almost reached via a final jump in 50 T
shown in diagrania). Increasing field yields an almost rigid [didgram(h)], indicating a less strong Tm-Mn antiferromag-

rotation of both sublattices implying that anisotropy is prob-Netic coupling compared to the other R-Mn compounds di-

ably weak. For field strengths between 2 and 18 T, the mocUssed here. _ o
The results for the Yb compound are displayed in Fig. 13.

ment arrangement can be represented as shown in diagram S A L ;
(e). The total magnetization is slightly larger than that along"hen the field is applied in thedirection[diagram(a)], the

the c-axis, because the slight deviation of the Tm moment i<£2SY magnetization_dirgction, thgre is i_nitially only a modest
favored by the axial anisotropy of Tm. The jump in magne-iNcrease in magnetization. At higher fields up to 54 T, the
tization around 18 T can be interpreted as a jump of the Tnflight upward curvature on magnetization may be indicative
moment into a direction closer to the applied-field direction,f e onset of a magnetization jump at a still higher field
retaining the anisotropy energy as far as possible at the co¥@lue: The isotherm for the hard magnetization direction
of some of the antiferromagnetic intersublattice-coupling en{2/0ng thea direction shows initially almost linear behavior,

ergy [diagram (f)]. The lower transition field compared to corresponding to a rigid rotation of the collinearly oriented

that along thec-axis indicates that the configuration in dia- Mn-and Yb-sublattice momenfsiagram(b)]. Then, a bend-
ing process in the direction of the applied field prevails and

12 the magnetization exhibits a sluggish incregdiagram(c)].
Mn Bllh e “Zla Also the high-field part of this isotherm suggests a jump of
0 (a)I ----------- the magnetization to occur at a field value higher than ap-
Yoo . Tlle € mag _ g an ap
,,,,,, Vi plied in the present study. Along theaxis, the magnetiza-
L 7 tion has higher values than along th@xis during the bend-
= w! B ing process. A catch-up occurred for tleaxis by the
S ) increase in slope above 50 T.
Ei Al 4Mn The results for the Lu compound are shown in Fig. 14.
..».j’/.l»_B This ferromagnetic compound has its easy direction perpen-
.l Yo (;)) dicular to thec direction. For both applied-field directions,
I YbMn Ge, . Ga,_ . perpendicular and parallel to tledirection, the magnetiza-
P T T SR T tion saturates within the experimental accuracy at the same
0 0 20 3 40 50 60 value. The value of the spontaneous magnetization is
B (T) 11.15ug/f.u., which corresponds with 1.86g/Mn atom.
FIG. 13. Magnetization of YoMgGe; 3/:G& g3 measured at 4.2 IV. DISCUSSION
K along thea-axis, theb-axis (dotted curve and thec-axis. The
symbols represent SQUID measurements for calibration. In the previous sections, we have shown that the magnetic

properties of th&kRMngGe;_,Ga, compounds are strongly de-
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pendent on the magnetic anisotropy. From the magnetic TABLE IIl. Rare-earth contributions to the anisotropy in
properties of the compounds formed wR=FY, Lu, Sc, and RMngGe;,Ga, compounds at low temperature and moment ar-
Gd, we derive that the Mn sublattice is ferromagnetic andangement to be expected if thé&k-sublattice anisotropy
has easy-plane anisotropy. We will tacitly assume that thigredominates.
type of Mn-sublattice anisotropy is maintained in compounds
where also theR sublattice contributes to the anisotropy. R KE K3 Anistropy type
The contributions of thdR sublattice are crystal-field in- b
duced and the first- and second-order anisotropy constants

+ - Easy axis

K:’f and K?— can be represented by the expressions Dy B * Easy cone
R 00 00 Ho - + Easy cone

KR = = 3/2a(r2)AX0%) — 58,rHYAX 0D, (1) Er + — Easy axis

™™ + - Easy axis

K = 35/88,(r)AYOR). ) Vb N N Easy axis

The thermal averages of the second- and fourth-order
Stevens operators are represented ®3) and(O} and the _ _ _ _
corresponding crystal-field parameters AfeandAJ. For the  iSotropy will be dominated by the Mn-sublattice contribu-
various R elements considered in the present study, thdion. The latter is of the easy plane type and differs from the
second-order Stevens coefficientsare negative forR=Th, ~ Preferred moment direction of the vario®neGe;Ga,
Dy and Ho, and positive foR=Er, Tm and Yb. The fourth- cOmpounds at low temperatures, which are either easy axis
order Stevens coefficienfs, are positive forR=Th, Er and  OF €asy cone. As a consequence, spin-reorientation transi-
Tm and negative foR=Dy, Ho and Yb. Bearing in mind that tions are expected to occur at some intermediate tempera-
the Mn-sublattice anisotropy consists predominantly of dures Such transitions have been observed in all cases; see

contribution of the first-order anisotropy constéseée Table Table I.
II') we can write for the total anisotropy constaktsandKs,:

Ki=KY" - 3/20(12)AX 09 - 5Br)AXOD, (3 v+ CONCLUSIONS
We have studied the magnetic properties of single crystals
K, = 35/885(ryAX 0D, (4)  of variousRMngGe;_,Ga, compounds foix values close to
one. Measurements made on the compounds in whiclRthe
component does not carry a magnetic moment reveal that the
Mn sublattice orders ferromagnetically with a preferred mo-
ment direction perpendicular to tleeaxis. When also th&®
component carries a magnetic moment, the latter couples an-
0 < |Kq| < 2K, (5) tiparallel to the Mn moments and imposes a strong contribu-

At low t ¢ tha-sublatti isot : h tion to the total magnetocrystalline anisotropy upon cooling
ow temperatures, -Sublatlice anisotropy 1S MUch g4 room temperature to cryogenic temperatures. In all

Iarggr than the_ Mn-sublattice anisotropy and the moment dlE:ases investigated, this leads to spin-reorientation transitions
rections are virtually controlled only by the former aniso-

i . at intermediate temperatures. The dominance of the
tropy. A satisfactory account for the observed behavior calk_sublattice anisotropy at low temperatures leads to pre-

be obta!ned |f_one assumes th@tandA“ are both negativé  forred moment directions characterized by an easy axis for
and their relative magnitudes are approximately given by th%Q:Tb Er, Tm and Yb and by an easy cone R¥Dy and

ratio A%/A2=6‘7 - Al lOW_ temperature;, the .values @g> Ho. Crystal-field theory has been used to give a satisfactory
and(O,) can be approximated by usiny=J in the corre-  5ccount of the observed phenomena. The magnetic properties
sponding expressions. The signdGfandK; obtained under  of the RMngGes_,Ga, compounds have been further charac-
these conditions by means of Eq$) and(2) are presented terized by measurements of the magnetization in high
in Table IlI. Since under these conditions also relatiénis  magnetic fields. Here, the interplay between the antiferro-
satisfied, this leads to an easy cone for the compounds witfhagnetic intersublattic&-Mn coupling and the magneto-

Ho and Dy. The remainder of compounds shows uniaxiarystalline anisotropy leads to pronounced field-induced
behavior. The expected preferred moment directions premagnetic phase transitions in the compounds with Dy, Ho, Er
sented in the last column of the table are in full agreemenénd Tm. A Comparative|y small in-p|ane anisotropy is re-
with the experimentally observed moment directions. vealed when comparing the high-field magnetization mea-

We will now turn to higher temperatures. It is well known syrements along tha-axis with those along thb-axis.
that the thermal averagé®) and(O% decay rapidly with

whereKM" is negative(see Table ).

For positive values oK4, one has uniaxial anisotropy. An
easy cone is obtained whefy is negative an&, positive,
satisfying the additional condition

increasing temperature. In fact, their values decrease with ACKNOWLEDGMENTS
increasing temperature proportional to a high power of the
reducedR-sublattice magnetizatiofiug(T)/ ug(0)]", with n Some of the authorf.. Zhang, E. Briick are grateful to

=3 andn=10 for the second-order and fourth-order term,the Dutch Technology Foundation STW for financial sup-
respectively. The upshot is that at room temperature the arport.
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