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Magnetic properties of single-crystal DyMn,Ge, have been studied by magnetization measure-
ment in high fields up to 150 kOe and by neutron diffraction. Four magnetically ordered phases
have been observed. In low magnetic fields parallel to the [001] direction, collinear antiferromagne-
tism is observed in the temperature range from 37.5 to 431 K with the Mn moments ferromagneti-
cally coupled on the (001) layers, and with antiferromagnetic coupling between the adjacent (001)
Mn layers. Below 33 K, there is a collinear ferrimagnetic structure with the Dy and Mn moments
antiparallel to each other along the ¢ axis. A new magnetic phase is observed in the temperature
range between 33 and 37.5 K, where its magnetic structure is not uniquely determined but the aver-
aged moments at the Dy and the Mn atoms are evaluated to be about 6up and lujp, respectively.
Another new magnetic phase is observed in high magnetic fields along the [001] directions below 65
K. The magnetic structure of this phase, which has been deduced from the magnetization measure-
ment, is a canted ferrimagnetic structure, with the Dy moments oriented along the ¢ axis, and the

Mn moments canted away from the c axis.

I. INTRODUCTION

In recent years many experimental studies have been
reported on intermetallic compounds of the composition
RM,X, (R =a rare earth or Y, M =a transition metal,
and X =Si or Ge) because these intermetallic compounds
display a variety of interesting magnetic properties and
other related effects, e.g., heavy-fermion superconductivi-
ty, valence fluctuations, or the Kondo effect. The
RM,X, compounds crystallize in a simple body-centered
tetragonal ThCr,Si,-type structure with space group
I4/mmm (D}}), in which the R, M, and X atoms occupy
the 2(a), 4(d), and 4(c) crystallographic sites, respectively.
This structure may be described as a stacking of atomic
layers along the ¢ axis with a ~-M-X—-R-X-M— se-
quence. The spacings between adjacent (001) R layers
and adjacent (001) M layers are both ¢/2 (~5 A), and
are much larger than the nearest R-R and the M-M dis-
tances within the (001) layers (a~4 A) and
a/V2~2.8 A, respectively).

It has been shown that the M atoms carry no magnetic
moment! in most of the RM,X, compounds (except for
M =Mn). In contrast, in RMn,Ge, systems, the Mn sub-
lattice becomes magnetically ordered at relatively high
temperatures.>> Studies of these systems have been fo-
cused on the Mn-Mn as well as the R-Mn interactions.
From magnetization measurements, it has been found
that in the Gd, Tb, Dy, Ho, and Er compounds, Mn mo-
ments are ordered antiferromagnetically, and the magne-
tization sharply increases with decreasing temperature.?>
In particular, magnetization measurements carried out
on GdMn,Ge, single crystals have shown that the anti-
ferromagnetic ordering of Mn moments occurs at
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Ty =365 K, and that there is another transition to a fer-
rimagnetic state at 96.5 K.*> These experimental results
suggest that the magnetic structure of the Mn sublattice
changes from antiferromagnetic to ferromagnetic. In ad-
dition to that result, two new magnetic phases have been
observed in high magnetic fields,”> showing that the Gd-
Mn and Mn-Mn exchange interactions in this compound
compete with each other.

Usually, in rare-earth (R)-3d-transition-metal (3d)
compounds, where the R and 3d atoms have magnetic
moments, the 3d-R exchange interaction is weaker than
that of 3d-3d, but decidedly stronger than the R-R ex-
change interaction. Except for the Gd compounds, the
magnetic anisotropy of these materials is dominated by
the crystalline electric fields acting on the R ions. For in-
stance, in contrast with GdMn,Ge,, DyMn,Ge, has a
large magnetic anisotropy due to the electronic
configuration of the Dy** ion (°H5,,) and the uniaxial
symmetry of the 2(a) site (4/mmm). From the magneti-
zation measurements of DyMn,Ge,, moreover, it is sug-
gested that the Dy-Mn and the Mn-Mn exchange interac-
tions compete with each other.?® Therefore, this com-
pound is expected to develop interesting magnetic prop-
erties because a magnetic structure stabilized by compet-
ing interaction can easily be modified by an external field
and/or temperature change.

In the present study, we have investigated the magnetic
properties of single-crystal DyMn,Ge, in high magnetic
fields up to 150 kOe and have found the first reliable evi-
dence for the existence of two new magnetic phases. In
addition to the above results, we report a model for the
magnetic structure of each phase of DyMn,Ge, on the
basis of neutron-diffraction experiments.

728 ©1991 The American Physical Society



43 MAGNETIZATION AND NEUTRON-DIFFRACTION STUDIES OF . .. 729

II. EXPERIMENT

Appropriate amounts of the starting materials Dy
(99.9% purity), Mn (99.9% purity), and Ge (99.999%
purity) were melted into a polycrystalline ingot by stan-
dard argon arc methods. The formation of the single-
phase compound was checked by x-ray diffraction. The
single crystal used in this study was grown by the Bridg-
man method, followed by annealing at 850°C for about
50 h.

The magnetization was measured as a function of tem-
perature and magnetic field using a vibrating sample
magnetometer. The temperature dependence of the mag-
netization was measured in the range from 4.2 to 650 K.
High magnetic fields (up to 150 kOe) were produced us-
ing a Bitter-type magnet at the High Field Laboratory for
Superconducting Materials at Tohoku University. The
mass of single-crystal DyMn,Ge, used in this magnetiza-
tion measurement was about 15 mg.

Neutron diffraction was carried out at the KID
diffractometer installed at the JRR-2 reactor in JAERI
using an incident neutron beam with A=1.006 A from a
(002) pyrolytic-graphite monochromater. The single-
crystal DyMn,Ge, was cut into a 0.7X3.0X0.95 mm?
parallelepiped with its long edge parallel to the [010] axis.
The sample was mounted with the [010] axis vertical so
that the (£ 0/) reflections could be observed. This experi-
mental geometry diminished the effects of the large
neutron-absorpt‘ipn cross section of natural dysprosium
(535 b at 1.08 A). The integrated intensities of various
reflections were measured at 8, 35, and 50 K. Detailed
studies of the temperature dependence of the integrated
intensities were carried out for the (101) and (201)
reflections.

III. RESULTS AND ANALYSIS
A. Magnetization measurements

The temperature dependence of the magnetization
M (T) was measured along three directions at 10 kOe in a
range from 4.2 to 650 K. A small but clear cusp corre-
sponding to a Néel transition was observed at 431 K.
Figure 1 shows the M(T) characteristics obtained for
these three directions in the temperature range below 77
K. The (001) magnetization data displayed in this
figure exhibit two distinct steplike features at 7, =33 K
and T,=42 K, clearly indicating two magnetic phase
transitions. Usually, when the M (T) characteristic
shows a sharp discontinuity at some magnetic field, the
transition temperature is sensitive to the applied magnet-
ic field. In order to determine the transition temperature
in the H =0 limit, the temperature dependence of the
magnetization along the (001) direction was measured
in various magnetic fields in a range from 4.2 to 77 K.
Since the value of T, was found not to depend
significantly on the magnetic field below 10 kOe, we
could easily obtain the transition temperature as
T.,=33.0%0.5 K by extrapolating T, to H =0. In con-
trast, the value of T, appeared to be quite sensitive to the
applied magnetic field and increased with increasing mag-
netic field up to 15 kOe. By extrapolating the 7T, data
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FIG. 1. Temperature dependence of magnetization along the
three directions at 10 kOe. T, and T, indicate the magnetic
transition temperatures. The Néel temperature Ty is 431 K.

linearly to H =0, we obtained the transition temperature
as T,,=37.5£0.5 K. These transition temperatures are
consistent with the temperatures where the magnetiza-
tions along the {100) and (110) directions change
discontinuously.

Figure 2 shows the magnetization o (H) measured for
the three directions at various temperatures in applied
fields up to 150 kOe. The data displayed in Fig. 2(a) (for
4.2 K<T,,) clearly indicate that the easy direction of
magnetization is the c¢ axis, and that the anisotropy
within the ¢ plane is very small. A sharp jump is clearly
seen in the o(H) curve for the {(001) direction around
the critical field H.,=70 kOe, and the increment of o (H)
is about 2up /formula-unit (f.u.). The spontaneous mag-
netization (o) below H,, is found to be 5.6up /f.u. (after
correcting for the demagnetizing fields), which is much
smaller than the theoretical value (10uy) of the Dy**
free ion with the electronic configuration of *H 5 ,. Such
a disagreement between these two values suggests that
the Mn atom also carries a magnetic moment, and these
Mn moments couple antiferromagnetically with the Dy
moments. Assuming that the Dy atom actually has the
moment of 10u,, and that the Dy and Mn moments are
antiparallel to each other and oriented along the c axis,
the magnitude of the Mn moment can be estimated to be
2.2up. In contrast to the behavior observed for the
(001) direction, the o(H) curve in the c¢ plane shows
only a linear increase with the magnetic field up to H as
high as 120 kQOe. As shown in Fig. 2(b) (for 20 K < T.,),
both o and the increment of o (H) at H, take the same
values as those at 4.2 K. Hence it is considered that
these values are independent of temperature between 4.2
K and T, but the value of H,, gradually decreases with
increasing temperature.

As clearly seen in Fig. 2(c) (for T,, <35 K<T,,), the
o(H) curve for the (001) direction at 35 K differs
significantly from those below T,,. The value of o is
found to be 4.5ug/f.u. (after correcting for demagnetiz-
ing fields). The magnetization increases almost linearly
with applied magnetic field up to 50 kOe and deviates
from this linear increase line around the critical field
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FIG. 2. Magnetization per formula unit (f.u.) as a function of
applied magnetic field along the three directions. Two magnetic
transition temperatures T, and T, are 33.0 and 37.5 K, respec-
tively. (a) 4.2 K, (b) 20K, (c) 35 K, and (d) 77.4 K.

H_,=60 kOe. The value of o(H) above 70 kOe coincides
with that above H,, and below T,;. The value of H, is
quite sensitive to temperature and increases with increas-
ing temperature. The anisotropy within the ¢ plane is
very small.

As shown in Fig. 2(d) (for 77.4 K> T,,), the value of
o disappears above T.,. The susceptibility along the ¢
axis is larger than that in the ¢ plane, and this anisotropic
behavior differs from that of GdMn,Ge,.> In the temper-
ature range from 7T,, to about 60 K, the o(H) curve
along the (001) direction shows a sharp jump at the crit-
ical field H_3, and this curve is almost linear above H ; up
to H,,, and finally deviates from this linear increase line
around H_,. This o(H) behavior above H,; is similar to
that in the range from T, to T,,. The value of H,; in-
creases rapidly, while the increment of o(H) at H_; de-
creases with increasing temperature.

The critical fields are determined from the magnetiza-
tion measurement and shown in Fig. 3 as a function of
temperature. It is found that there are four magnetically
ordered phases. As observed in GdMn,Ge, (Refs. 4 and
5) and TbMn,Ge,,* the magnetic structures of phases I
and II seem to be ferrimagnetic and antiferromagnetic,
respectively.

B. Neutron-diffraction experiments

All of the reflections observed at 8, 35, and 50 K can be
indexed on the basis of the tetragonal unit cell. The nu-
clear and magnetic data were fitted to the calculated in-
tensities by the least-squares method. In this procedure,
two corrections were taken into account.

(1) The secondary extinction effect was corrected using
the relation®

I,=al_,./V 1+bI

calc »

where I, and I, are, respectively, the observed and
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FIG. 3. Magnetic phase diagram of DyMn,Ge,. The critical
fields were determined by the magnetization measurements
along the {001) direction. The Néel temperature Ty is 431 K.
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calculated intensities, and a and b are extinction parame-
ters.

(2) Because of the large neutron-absorption cross sec-
tion of natural dysprosium, the absorption of neutrons in
the crystal cannot be ignored. Then the absorption factor
Ay, which is the ratio of diffracted intensities with ab-
sorption to those without absorption, were calculated by
Albrecht’s method.”

The neutron-diffraction pattern measured at 50 K con-
sists of the nuclear reflection satisfying the condition
h +k +1=even and three magnetic reflections indexed

s (201), (203), and (205). The nuclear intensities were
calculated for the following atomic parameters:

Dy atoms on the 2(a) site: 0,0,0;4,4,%,
Mn atoms on the 4(d) site: 0,1,+;1,0,1,
0,3:55:0.%

Ge atoms on the 4(e) site: 0,0,z;0,0,Z ,

When the Mn and Ge atoms occupy both sites of 4(d) and
4(e), the distribution can be expressed with a site occupa-
tion parameter e as follows:

(1—e)Mn—+eGe on 4(d) site ,
(1—e)Ge+eMn on 4(e) site .

Thus the free parameters z, e, a, b, and the Debye-Waller

TABLE I. Calculated and observed integrated intensities for DyMn,Ge,.

tegrated intensity.

temperature factor B were determined by the least-
squares method. The scattering lengths used in this
method are 16.9, —3.7, and 8.18 (1073 ¢cm) for the Dy,
Mn, and Ge atoms, respectively. The observed and cal-
culated intensities and the evaluated parameters are listed
in Tables I and II. The probability of a wrong occupancy
of the Mn and Ge atoms at 4(d) and 4(e) sites is negligibly
small (e=0.0033). The observed magnetic reflections at
50 K resemble those of the high-temperature phase of
RMn,Ge, (R =Y, Tb, Er, and Th) (Refs. 8—11) and
RMn,Si, (R =Y, Ce, Pr, Nd, Tb, and Er).” 2 Adopting
the magnetic form factor of the Mn?" ion for the Mn
atoms, we have analyzed the observed magnetic
reflections by assuming a collinear magnetic order with
the Mn moments ferromagnetically coupled on the (001)
layers and with antiferromagnetic coupling between the
adjacent (001) Mn layers. The absence of the (00/)
(I =odd) reflections implies that the magnetic moments
are parallel to the ¢ axis. The experimental values of the
Mn moment are listed in Table II.

There are two marked differences in the neutron-
diffraction patterns between 8 and 50 K: (1) Three mag-
netic reflections, indexed as (201), (203), and (205), vanish
at 8 K. (2) Intensities of all (40I) reflections with
h +k +1= even except h =0 are greater at 8 K than at
50 K. No superlattice reflections are observed.

Therefore, the change of these intensities is due to the
magnetic contribution. The analysis of the observed
reflections was performed on the assumption of a col-
linear ferrimagnetic structure. The magnetic form factor

IM, is the magnetic contribution to the calculated in-

8§ K 35 K 50 K

(h k l) Iobs Icalc Iglc Iobs Icalc Iglc Iobs ICaIc
002 3587.2 3729.8 (0) 3585.3 3696.7 ) 3636.9 3750.5
004 155.0 145.4 (0) 148.1 142.8 (0) 156.6 147.1
006 746.0 788.0 (0) 717.5 783.2 (0) 734.6 787.9
008 910.0 1009.0 (0) 913.2 1009.0 (0) 910.3 965.7
00 10 1503.8 1593.0 (0) 1529.5 1601.9 (0) 1335.0 1426.0
101 2643.1 2658.7 (2564.0) 1101.5 1118.0 (1014.3) 134.3 115.4
103 2860.6 2716.7 (753.5) 2451.0 2284.5 (278.5) 2112.5 2073.5
105 2408.7 2221.7 (209.5) 2233.0 < 2092.1 (76.1) 2181.0 1995.9
200 2226.3 2266.9 (569.9) 1913.1 1952.9 (236.8) 1690.6 1384.0
202 2813.1 2832.2 (1371.0) 1981.5 2022.7 (488.2) 1612.4 1557.6
204 312.7 361.2 (276.2) 202.4 196.0 (110.6)

206 829.8 863.9 (303.5) 663.0 675.3 (105.7) 566.3 552.8
208 870.3 853.0 (59.1) 867.0 825.1 (22.8) 773.8 736.9
2010 1391.7 1412.2 (41.9) 1396.0 1406.1 (15.0) 1149.9 1188.4
301 476.8 533.7 (493.4) 197.7 223.0 (181.9) 50.3 39.5
303 1431.8 1400.6 (331.9) 1266.5 1209.7 (122.2) 1113.1 1028.0
305 1664.0 1546.1 (194.4) 1554.7 1442.7 (71.5) 1369.5 1251.8
307 256.6 282.5 (112.5) 219.2 212.3 (41.4) 158.3 145.0
400 1096.0 1108.9 (152.2) 998.8 1033.3 (58.6) 813.9 857.4
402 1177.5 1154.3 (218.8) 1009.1 1035.0 (78.6) 789.0 833.9
404 128.7 162.8 (108.4) 71.9 97.1 (41.5) 32.9 47.9
201 0 0 0 0 101.3 98.3
203 0 0 0 0 48.3 48.6
205 0 0 0 0 8.0 15.8
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TABLE II. Magnetic moments and parameters refined in the analyses of neutron-diffraction data.

The computer fitting program minimized the y value defined by ¥ =[3 W (Iyps — Lcaic )> /3 W1k,

2 ]1/2

’

where W is the weighting function determined from the experimental error of each reflection.

8 K 35 K 50 K
toy/ip 10.240.2 6.2
Bvn/ 1B 2.3+0.1 1.2 2.2+0.1
o, (up/fu.) 5.6+0.4 3.8
z 0.3848+0.0002 0.3847 0.3847+0.0002
e 0.0033+0.0004
B (A) 0.115+0.005 0.045 0.405+0.002
% 0.047 0.050 0.054

fpy(K) for the Dy’* ion was approximated by
Trammell’s formula'3

L‘J(go“g2/2>+28‘1(]0>
L-J+28-J ’

where J is the total angular momentum, L the total orbit-
al momentum, S the total spin, and {(g,—g,/2) and
(jo) denote the roles of the orbital and spin scatterings
of neutrons, respectively. Since the magnetic (001)
reflections are not observed, it is concluded that the Dy
and Mn moments are parallel to the ¢ axis. The experi-
mental values of the Dy and Mn moments and refined pa-
rameters are listed in Table II. This neutron-diffraction
analysis estimated the spontaneous magnetization o as
(5.6%+0.4)up /f.u., which is in good agreement with that
obtained by the magnetization measurement at 4.2 K.
Figure 4 shows the temperature dependence of in-
tegrated intensities of the (101) and (201) reflections. As
seen in this figure, the (101) reflection intensity changes
stepwise with two rapidly decreasing processes, which in-
dicate the occurrence of two magnetic transitions, and
these two transition temperatures are consistent, respec-
tively, with 7., and T,,, which are determined by the
magnetization measurements. The (201) reflection of
phases I and III is not observed. The magnetic structure

foy(K)=

o

T S Y
(101)* i

o
@

Lops (T1 /1800 (8K)
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FIG. 4. Temperature dependence of the integrated intensi-
ties. The (101) and (201) intensities are indicated by solid and
open circles, respectively.

factor of the (101) reflection of phase I is given by 2pp,,
where pp, is the magnetic scattering amplitude for the
Dy** ion. Since the (101) intensity hardly depends on
temperature below T, it is expected that the magnetiza-
tion of the Dy atom in phase I is maintained constant.

All the reflections observed at 35 K can be analyzed
with the same indexes as those at 8 K, and no other mag-
netic reflections were observed under the present experi-
mental conditions. As shown in Fig. 4, however, the
magnetic contribution to the integrated intensity de-
creases with increasing temperature. Hence we analyzed
the reflections observed at 35 K assuming the same mag-
netic structure as those at 8 K. The values of the Dy and
Mn moments and the refinement parameters are listed in
Table II. By this neutron-diffraction analysis, the value
of o, was estimated to be 3.8u 5 /f.u., which is small com-
pared with the value obtained by the magnetization mea-
surement.

IV. DISCUSSION

The present neutron-diffraction experiment has re-
vealed that the magnetic structure of phase I is collinear
ferrimagnetic, and the Dy and Mn atoms have a magnet-
ic moment of 10u, and 2.3up, respectively. The value of
o, evaluated by the neutron-diffraction analysis is con-
sistent with that obtained by the magnetization measure-
ment. Since the value of o and the intensity of the (101)
reflection of phase I are almost independent of tempera-
ture, the magnetizations of the Dy and Mn atoms are
maintained up constant to T,;. Furthermore, it is deter-
mined that phase II is a collinear antiferromagnetic
structure where the Mn moments on the (001) layer order
ferromagnetically and the magnetizations of these layers
align antiparallel along the ¢ axis with a + — + — se-
quence, but the Dy moments remain disordered. This
collinear antiferromagnetic structure, however, seems to
be inadequate to explain the anisotropic susceptibility ob-
served in DyMn,Ge,, while this structure is adequate for
the case of GdMn,Ge,,” which has the same antiferro-
magnetic structure in the temperature range from 96.5 to
365 K. As compared with the Gd*>* ion (35, ,,) with the
electronic configuration of spherical symmetry, the Dy3"
ion (L =5) has a large single-ion anisotropy, which prob-
ably results in the anisotropic susceptibility of
DyMn,Ge,. Since the Mn sublattice is antiferromagnetic
in phase II and ferromagnetic in phase I, the Dy-Mn and
interlayer Mn-Mn antiferromagnetic exchange interac-
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tions in DyMn,Ge, compete each other.

The neutron-diffraction pattern of phase III at 35 K is
similar to that of phase I, and no magnetic superlattice
reflections have been observed for the (40!) reflections.
In this case, the neutron-diffraction pattern has been ana-
lyzed by assuming a collinear ferrimagnetic structure.
However, this structure and the magnetic moments es-
timated for the Dy and Mn atoms are inadequate to ex-
plain the value of o obtained by the magnetization mea-
surement and the linear field dependence of magnetiza-
tion. According to the '®'Dy Mossbauer study of
DyMn,Ge,,!* there are two kinds of Dy atoms with
different magnetic hyperfine fields in phase III, in spite of
the crystallographically equivalent Dy sites. Consequent-
ly, these Dy atoms are divided magnetically into two
different groups. It should be noted that the Mossbauer
effect offers the hyperfine fields of individual Dy nuclei,
while neutron diffraction gives the averaged structure
through the coherent length of the neutron wave which
covers about a thousand lattice points, and that the time
needed to observe the elementary process is 3 orders
longer for the Mossbauer effect than for neutron
diffraction. Therefore, the inconsistency between these
experimental results possibly comes from the difference of
the observing areas or times. If the magnetic structure of
phase III is fluctuating in a very small region compared
with the coherent length of neutrons, then it is possible
that the averaged magnetic moment obtained by neutron
diffraction is small compared with the result of the mag-
netization measurement. This fluctuation could occur be-
tween the two states observed in the Mossbauer measure-
ment.'* Since a similar phase has never been observed
with GdMn,Ge,,** phase III of DyMn,Ge, could be a
consequence of the single-ion anisotropy of the Dy** ion
together with the competition between the Dy-Mn and
interlayer Mn-Mn antiferromagnetic exchange interac-
tions.

Since the magnetic field necessary for inducing phase
IV is very high, this phase has never been observed by
other experimental methods. The value of the magnetiza-
tion of this phase was estimated to be 7.6y /f.u. by ex-
trapolating the magnetization curve above H,, to H=0
at 4.2 K and hardly depends on temperature. Since the
uniaxial anisotropy of the Dy** ion is very large and the
Dy atom in phase I has the full moment of the Dy** free
ion, it is considered that the transition from phase I to IV
is caused by a rearrangement of the Mn moments. From
the value of the magnetization, it is considered that phase
IV has a canted ferrimagnetic structure; that is, the Dy
moments lie along the ¢ axis, while the Mn moments cou-
ple ferromagnetically in the (001) layer, but are canted
away from the c axis and aligned in opposite directions
between adjacent (001) Mn layers as shown schematically
in Fig. 5. This structure is stabilized in high magnetic
fields due to the competition among the Dy-Mn and Mn-
Mn antiferromagnetic exchange interactions and the an-
isotropy energy of the Mn moments.

V. SUMMARY AND CONCLUSION

The magnetic phase diagram of DyMn,Ge, has been
determined by the measurement of high-field magnetiza-
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FIG. 5. Schematic magnetic structure of each phase of
DyMn,Ge,. The magnetic structures of phases I and II are
determined by neutron diffraction, and that of phase IV is de-
duced from the magnetization measurement. The magnetic
structure in phase III is not uniquely determined, but the aver-
age moments at the Dy and Mn atoms are evaluated to be about
6up and 1up, respectively.

tion. The magnetic structures of four magnetically or-
dered phases are schematically shown in Fig. 5.

The magnetic structures of phases I and II have been
determined by neutron-diffraction studies. Phase I is a
collinear ferrimagnetic structure where the Dy and Mn
moments lie along the ¢ axis. The values of the Dy and
Mn moments of this phase are 10.2u5 and 2.3up, respec-
tively, and their sublattice magnetizations are maintained
constant. Phase II is a collinear antiferromagnetic struc-
ture with the Mn moments on (001) layers ferromagneti-
cally coupled with each other and with antiferromagnetic
coupling between the adjacent (001) Mn layers, but the
Dy moments remain disordered. The Mn moment in
phase Il is 2.2up at 50 K. These magnetic phases have
also been observed with GdMn,Ge, and TbMn,Ge,.**>

The present study shows the first evidence for the ex-
istence of phases III and IV. Phase III is probably a
consequence of the single-ion anisotropy of the Dy*" ion
together with the competition between the Dy-Mn and
interlayer Mn-Mn antiferromagnetic exchange interac-
tions. In phase III, the magnetization almost linearly in-
creases with increasing magnetic field. The magnetic
structure of phase IV deduced from the magnetization
measurements is the canted ferrimagnetic structure
where the Dy moments lie along the ¢ axis and the Mn
moments are canted away from the ¢ axis and their ¢
plane components make an antiferromagnetic arrange-
ment similar to that of phase II. The magnetization of
this phase hardly depends on temperature and magnetic
field.
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