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Several samples (0.2 = x = 1.0) of HoGe,_,Si, (CrB type) were studied over an extensive temperature
range by neutron diffraction. The relative stability of the two existing magnetic structures with wave
vectors [5 0 1] and [g, 0 ¢.] depends on both the temperature and composition. The corresponding
stability regions are shown in a magnetic phase diagram. The Néel temperature Ty and the transition
temperature T, between the lock-in structure and the incommensurate structure increase with silicon
content. At T;, the wave vector jumps from the {3 0 4] value to the incommensurate value [g, 0 g,]. With
increasing temperature the g, and g, components show a linear decrease and increase, respectively.
The transition at T, is most probably of first order. The magnetic moments of Ho are confined to a
direction close to the c-axis (5-7°) over the whole temperature range and order with a pure sinus

modulation between T and Ty.

1. Introduction

The end members of the pseudobinary
system HoGe,_,Si, crystallize with the CrB
type of structure (x = 0), or with both the
CrB and FeB types (x = 1) (I). The CrB
type considered in the course of the present
study has the orthorhombic space group
Cmem(D3). All atoms occupy the low sym-
metry position 4(c) with the atomic position
parameters yy, = 0.14 and yg. s = 0.42.
The magnetic properties show predominan-
tly an antiferromagnetic behavior. The
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Néel temperatures are equal to Ty = 18 K
for HoGe (2) and Ty = 25 K for HoSi (3). In
a previous neutron investigation (4) it was
shown experimentally that the magnetic
structure of HoGe remains incommensu-
rate with the crystal lattice over the whole
temperature range from 1.2 K to Ty = 18 K,
while HoSi was reported to order with a
commensurate structure with the wave vec-
tor k = [3 0 4], in which the moments were
close (16°) to the c-axis. The same structure
resulted from the 4.2 K data of HoGe if one
neglects the slight deviation from the lock-
in value [ 0 ). The wave vector of the
incommensurate structure was approxi-
mated at 4.2 K to the value [0.506, 0.,
0.506]. Although we recognized that the
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wave vector was incommensurate in two
directions ¢, and g, we have not been able
to give a complete interpretation of the data
of the incommensurate structure. The main
difficulties arose from the presence of im-
purities and from the absence of sufficient
experimental information regarding the
plane containing the wave vector (h0/)
which is necessary for deriving the exact g,
and g, values.

On the other hand, in a recent investiga-
tion of TbGe,_,Si, compounds (5), which
show a similar modulated structure, the use
of difference diagrams based on neutron
data obtained for the ordered and the pa-
ramagnetic state has proved to be quite
helpful. In fact, it follows from the success-
ful data analysis made for these materials
that this technique makes it possible to
obtain approximate values of the wave vec-
tor components and follow their evolution
over the whole temperature range. The
application of this technique opens the pos-
sibility to reinvestigate the incommensurate
structure of HoGe by obtaining more com-
plete neutron data using the DMC (double-
axis multicounter system, see next section)
and construct the necessary difference dia-
grams. Owing to the relevance of the infor-
mation that can be obtained by difference
diagrams it seems interesting to extend this
investigation over the whole system Ho
Ge;_,Si, and study the change in wave
vectors as a function of concentration.

It will be shown that the incommensurate
structure is restricted only to a high-
temperature region 7;,. = 7 < Ty forx > 0.2
and that there is a linear increase of T
(incommensurate to commensurate transi-
tion temperature) and of Ty with silicon
content. These results are used for con-
structing a (7, x) magnetic phase diagram.

2. Experimental Procedure and Results

The powder samples of HoGe,_,Si, (0.2
= x < 1.0) used in the present investigation
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were prepared by means of arc-melting in
an atmosphere of purified argon gas. The
purity of the starting materials was 99.9%
for Ho and 99.99% for Ge and Si. X-ray
diffraction showed that up to x = 0.9 all
samples have single phase (CrB-type)
X-ray diagrams composed of sharp reflec-
tions, the width of which did not change
upon alloying. Thus the HoGe,;_,Si, system
behaves as a normal solid solution system
and its lattice constants follow a linear
decrease between the end members HoGe
and HoSi. The latter compound was found
to crystallize with both the CrB and FeB
structure types.

2.1. Neutron Diffraction and Magnetic
Measurements

The neutron diffraction data in the tem-
perature range 1.2 to 293 K were collected
with the DMC system, (A = 2.323 A and in
some cases 1.709 A) at the Saphir reactor
(Wiirenlingen). The step increment of the
diffraction angle 26 was 0.10°. The DMC
system is suitable to study phase transitions
since it allows the collection of experimen-
tal information over a 26 region of 80° si-
multaneously. The data were corrected for
absorption and evaluated by the line profile
analysis method for all nuclear and com-
mensurate magnetic structures (6); a spe-
cial program based on integrated intensities
was used for the intensity calculation of the
incommensurate phases.

Magnetic measurements on all samples
examined were made in the temperature
range 4.2 to 600 K. The values of Ty, 6,
and experimental u.g of all these materials
are listed in Table I and compared to the
values resulting from the neutron data. The
Uesr Value corresponds to the free ion value
of Ho’*. The Néel temperature was found
to increase linearly with silicon content,
which is in good agreement with the neu-
tron results.

As will be be discussed in more detail in
the next section, the HoGe,_,Si, system for
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TABLE 1

MAGNETIC PROPERTIES OF THE HoGe,_,Si,
COMPOUNDS AS STUDIED BY MAGNETIC
MEASUREMENTS AND NEUTRON DIFFRACTION

Magnetic measurements Neutron diffraction

x  INK) (K}  pe(up/Ho) IN(K) Tie(K) (heating)
0.0 18 -5 10.77 18.0 + 0.5 <1.2

0.2 20 -5 10.82 19.0 = 0.5 <12

0.3 20 -2 10.76 19.7 £ 0.5 1055

0.5 22 -2 10.80 21.5 £ 0.5 125 2 0.5
0.8 24 0 10.79 23.0 = 0.5 155 = 0.5
1.0 25 2 10.64 255+ 0.5 19.0 = 0.5

Note. Ty and 6, are the Néel temperatures and asymptotic Curie
temperatures, respectively. T is the temperature of the commensurate
to incommensurate phase transition. The effective moments from mag-
netic measurements are represented by .

x > 0.2 was found to order with a commen-
surate phase having the wave vector [3 0 3]
at low temperatures and with a structure
modulated in two dimensions and having a
wave vector [g, 0 g;] in the high-tempera-
ture region. Since the nuclear structure and
the commensurate magnetic structure ob-
served in this system have been described
before (3, 4), we restrict ourselves to sum-
marize all refined parameters of the corres-
ponding neutron diagrams. These are listed
in Table II for comparison. The refinement
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of the 293 K nuclear structures is based on
neutron data obtained with a wavelength
equal to A = 1.709 A, which made it possi-
ble to get a relatively large amount of
information. The temperature-dependent
measurements were performed using A =
2.323 A, which had the advantage of reduc-
ing the measuring time by a factor of 4.
Examples of refined profiles are given in
Figs. 1 and 2. The scattering lengths used in
the refinements were taken from Ref. (7)
and the magnetic form factor for Ho’* was
taken from Ref. (8).

The refined lattice constants at 293 K
given for all compounds in Table II show a
linear decrease with silicon content. The
lattice constants of (CrB-type) HoSi, which
were not refined in the present study (mix-
ture of CrB and FeB), are equal to a =
4.228, b = 10.429, and ¢ = 3.801 A (/). The
largest decrease in the lattice constants was
observed in the ¢ direction and the second
largest decrease was in the b direction. The
values of a were found to be almost inde-
pendent of silicon content. Similar behavior
was found in the TbGe,.,Si; system (5).
The refinement of the (Ge, Si) occupancy
parameters did not have any influence on

TABLE II

THE REFINED PARAMETERS FROM THE 293 AND 4.2 K NEUTRON DAaTta FOR HoGe_Si, (x = 0., 0.2, 0.5,
AND 0.8) FOR THE NUCLEAR AND THE COMMENSURATE MAGNETIC STRUCTURE

293 K 42K

Parameter HoGe HoGe3Sip, HoGeysSips HoGey,Siys HoGe, sSig 5 HoGe,Sips
a (IQ\) 4.2428(9) 4.2362(3) 4.2347(4) 4.2306(3) 8.466(1) 8.448(1)
b (A) 10.623(3) 10.574(1) 10.520(1) 10.472(1) 10.493(1) 10.436(1)
¢ (A) 3.919(1) 3.8915(3) 3.8566(3) 3.825(1) 7.681(1) 7.617(1)
YHo 0.1381(6) 0.1391(3) 0.1401(3) 0.1404(3) 0.1411(8) 0.1418(6)
YGe.si 0.4168(6) 0.4158(3) 0.4182(4) 0.4207(4) 0.4184(7) 0.4203(9)
B, (A)z 0.6(1) 0.18(6) 0.11(8) 0.25(3) 0.47(3) 0.33(6)
w(up), 6.0) — — — — 7.9(5).8(2) 7.90(6),7(1)
R, (%) 12 7.2 7.5 6.5 8.5 8
R, (%) — — — — 6.3 6.4
R, (%) 16 11.3 13.2 11.5 11.8 13
Rex, (%) 6.5 4.1 7 4.9 2.1 4.6
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F1G. 1. Neutron diffraction pattern of HoGe, sSiy s at 293 K. The full curve represents the calculated

profiles; the data points represent the observed intensities. The difference diagram is indicated at the
bottom of the figure.
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F16G. 2. Neutron diffraction pattern of HoGe, sSiy s at 4.2 K. The full curve represents the calculated
profiles; the data points represent the observed intensities. The difference diagram is indicated at the
bottom of the figure.
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the R factors. For samples containing Si, a
lower R value is found than for pure HoGe
(4), since alloying with Si was found to
suppress the amount of foreign phases ob-
served in this latter sample to a large ex-
tent. From the fact that the overall temper-
ature factors are somehow rather low we
may assume that some impurity lines over-
lapping with the reflections of the main
phase might still be present.

The commensurate magnetic structures
of the HOG30.5Si0.5 and HOGeo_zsio.g com-
pounds associated with the wave vector [4 0
1] are refined from the 4.2 K data. It can be
seen in Table II that the two structures
have the same moment value for Ho, 7.90
g, and the same moment direction, 7(1)°,
relative to the c-axis and are located in the
(x 0 2) plane. These values are slightly
different from the data reported for HoSi
(3) where the magnetic moment was found
to be parallel to the [103] direction. In Ref.
(5) a canted model has been proposed for
this structure (occurring also in the
TbGe,_,Si, system), instead of the collinear
structure proposed in Refs. (3, 7). The
same arguments discussed extensively in
Ref. (5) are valid for the HoGe,_,Si, sys-
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k=1q,0q,]

i x=0.2
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o cooling
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T (K]

F16. 3. Temperature dependence of the magnetic
intensity of the zero-point satellite observed upon
cooling and heating in three compounds of the Ho
Ge,_,Si, system.

253

tem. The canted model gives the same
magnetic intensities as the collinear model
but it has a twofold axis in addition to the B,
magnetic lattice of the collinear model. The
magnetic space group is B2 (Shi) (5, 9).
The two structures are compared in Fig. 8.

The compound HoGeygSij,, like the
compound HoGe, remains incommensurate
(see next section) over the whole tempera-
ture range extending from 1.2 K to Ty = 19
K and is therefore not included in Table II.

All refined magnetic structures show a
satisfactory agreement between observed
and calculated data which is reflected in the
low values of the magnetic reliability fac-
tors of 6.3%.

2.2. The Temperature Dependence of
Magnetic Intensities

For the temperature-dependent measure-
ments we used a liquid helium cryostat with
variable temperature for all the samples up
to the composition x = 0.5, and a closed-
cycle He refrigerator for the other samples.
The changes of the magnetic intensity were
observed for a large number of magnetic
peaks up to the 26 value of 83°.

In order to follow the commensurate to
incommensurate phase transition, the first
five resolved magnetic peaks (see Fig. 2)
were evaluated by using a multi-Gauss fit-
ting procedure which provided the inte-
grated intensities, the half-widths, and the
26 positions. Representative results are
shown in Fig. 3 for the reflection [ 0 3]
located at 26 = 23.4° and in Fig. 5 for the
reflection [3 1 1] located at 26 = 26.8°. The
former reflection is the zero-point satellite
of the magnetic cell and is therefore a single
peak. It may be seen that the intensity for
the compound with x = 0.2 changes con-
tinuously in the whole temperature range
extending from 1.2 K to Ty while the 26
moves to smaller angles. This compound
behaves like HoGe where the lock-in struc-
ture may occur below 1.2 K.

By contrast, the two compounds Ho
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Geg5Sips and HoGe(,Sipg are commen-
surate in the low-temperature region ex-
tending from 1.2 K to T;.. The magnetic
intensity of the zero-point satellite is chang-
ing discontinuously at the transition from
the commensurate to the incommensurate
structure and the peak position shows a
small shift to lower angles. As will be
shown in the next section the wave vector
jumps to the incommensurate value when
heating to above T;.

This jump, however, is not visible from
the line shift of the zero-point satellite
(Table III) because the g, and the g, com-
ponents of the wave vector change in differ-
ent directions [0.45, 0., 0.511].

The incommensurate to commensurate
transition is most probably a first-order
transition. It may be seen from Fig. 3 that a
small hysteresis (1 * 0.25 K) has been
observed upon cooling or heating the two
compounds with x = 0.5 and x = 0.8. From
the increase in half-width of the zero-point
satellite within a given temperature region,
as shown in Fig. 4, it can be concluded that
a region of coexistence exists between the
lock-in structure and the incommensurate
structure. This is rather common for first-
order phase transitions. The transition tem-
perature T, corresponds to a temperature
Iocated in the middle of the region where
the two structure types are found to coexist
when heating the sample. The dependence

Qs
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FiG. 4. The change in half-width of the zero-point
satellite. (4 0 4] in the transition region during cooling
(full symbols) and heating of the compound Ho
Ge,,Sips (open symbols).
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F1G. 5. The splitting of the [} 1 3] magnetic peak for
the same temperatures and the same compounds as
considered in Fig. 3.

of the incommensurate to commensurate
transition on both the temperature and con-
centration is better illustrated in Fig. 5,
where the behavior of the {3 1 4] satellite for
the compounds HoGe(Sip, and HoGeg s
Sigs at 4.2 and 16 K is shown. At 4.2 K the
[4 1 ] peak is a single reflection for Ho
Gey sSip.s, but consists of two magnetic sat-
ellites for HoGey sSip, (1117, 1107) which
move to higher angles and continue to
diverge with increasing temperature. At
16.5 K the splitting of this satellite is 1.1°
for x = 0.2 and 0.8° for x = 0.5. As will be
shown in the next section the splitting of
this satellite depends exclusively on the g,
wave vector component. The values of T
together with those of Ty are summarized
in Table I. The 16.5 K data of HoGe»Siy s
have been used for determining the struc-
ture of the incommensurate phase.

2.3. The Incommensurate Structure of
HoGe _,Si, (T, =T =Ty)
The indexing of the magnetic reflections

of the incommensurate phase was made by
means of the formula (4)

_ 45sin%

d *2 )\2

= (h = g%
+ 2% + (£ g e (1)



TABLE Il

OBSERVED AND CALCULATED INTEGRATED MAGNETIC NEUTRON INTENSITIES
OF HOGCo_ZSiO.s

42Kk ={30%) 16 K (k = [0.459, 0, 0.511])
l 2eca.lc Iobs Icalc 2ecalc 200bs Iobs Icalc

=
x~
=
x~
~

10 3 2348 4762 47211 0 0 0° 2305 23.15 2075 2027

} 14 2679 8004 7491 1 1 17 27.47 27.45 3622 3528
I 1 0 2798 27.9

32 3 3504 4893 5021 0 2 17 3446 3446 2678 2568
0 2 0" 3478

} 3 b 4593 3164 3415 1 3 17 4641 46.60 1783 1552
13 0 4674

$ 1} 5373 3000 2557 1 1 Tt 5240 5269 1499 1244
1 1 0" 5270

$0 5 5195 1216 1252 2 0 O 5359 53.56 615 S8

} 0 § 5685 0 35 0 0 2 S61S

} 4 4 5849 2331 2289 0 4 1" 58.09 5837 1211 1035
0 4 0 5836

11 4 5852 325 320 1 1 2 58.67
11T 5949

§ 2 ) 5884 2338 2349 2 2 T 60.08 59.95 1287 1158
2 2 0 6035

12 § 6338 619 654 0 2 2 6274 63.60 401 260
0 2 1 63.53

§ 3 3 6681 1937 1795 1 3 17 6566 6595 1023 812
1 3 0 6592

Y3 % 7107 706 705 1 3 2 7122 7129 484 303
13 T 719

1S 4 7254 1577 1524 1 5 1T 7294 7287 815 654
15 0 7318

§1 4 7728 746 700 1 1 2* 7597 7663 400 300
11 17 7669

0 § 7582 S01 425 2 0 2 7670

§ 4 4 7725 1372 1291 2 4 1 7837 7833 515 539
2 4 0 786l

34 4 8132 638 635 0 4 2 8074 80.69 278 275
0 4 1" 8145

$ 2 % 8161 S31 529 2 2 2 8247 8310 275 234
2 2 1 8.8

0 4 8930 549 543 2 0 0 878

$ 3 4 8873 S8 573 1 3 20 8746
1 3 1" 816 8816 1542 1124

16 4 8841 1104 1057 0 6 1° 88.09
0 6 0 8832

§ 5 4 9013 1001 994 1 5 1*  89.09
15 0 89.32

§ 1 4 9072 1070 1014 3 1 1T 92.52 9289 1042 787
301 0 927

§ 2 4 9498 928 83 2 2 T° 932
2 2 0 9346

s 4 9412 598 595 1 5 20 9427 300
15 10 9497

2 4 § 9870 558 651 2 4 20 99.57 255
2 4 T 10029

Note. hkl are the magnetic satellites referring to the a, b, ¢ cell.
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All observed magnetic satellites (Fig. 6) of
the neutron data of HoGe ,Sig 3 obtained at
16 K (referring to the chemical C-cell) were
calculated with the refined wave vecior
value [0.459, 0., 0.511] (see next section).

From recent intensity calculations (55, 10)
it has been found that the modulated mag-
netic structure corresponds to a pure two-
dimensional sinus modulation and not to a
spiral model as suggested previously (4).
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F1G. 6. Magnetic neutron diffraction patterns of HoGe, ,Siys at 16 and 4.2 K. (a) Calculated profile at
16 K of the incommensurate phase [k = 0.459, 0., 0.511]. Only magnetic reflections were considered.
The difference diagrams obtained by substracting the data found in the corresponding paramagnetic
states are shown in the middle part (b) and at the bottom part (c) of the figure.
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The scattering intensity of a magnetic
satellite reflection (H = k) for the sinus
modulation (/1) is proportional to

sinw é’
OH+k =
4 2mc?

> uvfH = K)
expiQr H -1, T 6)P. ()

uY is the moment value (amplitude), w is
the angle between the direction of the vary-
ing moment component and the scattering
vector €, and ¢y (V = 1, 4) is the phase angle
of the moments within the chemical cell.
The calculation of the magnetic intensities
at 16 K was carried out using the scale
factor and the refined parameters that were
derived from the nuclear intensity data of
HoGey »Siy g obtained at 30 K. The intensi-
ties of this latter diagram (measured under
the same conditions) have been substracted
from the 16.5 K data in order to provide a
greater number of resolved observed mag-
netic peaks. The corresponding difference
diagram is shown in Fig. 6b.

The best agreement between the ob-
served and the calculated intensities (R, =
7%) was achieved for a moment value of 6.1
up and for a moment direction in which all
atomic moments are lying in the plane (x 0
7) and are oriented almost parallel to the
c-axis (¢, = 5(1)°). The relation between the
magnetic intensities and the moment angle
¢, is shown in Fig. 7. The intensity ratio of
three resolved reflections to the zero-point
satellite shows a rather steep increase when
the angle ¢, is increased from 0 to 30°. The
experimental values correspond to the mo-
ment angle of 5(1)° which is close to the
value observed for the lock-in structure
(7°). It is noteworthy that the incommensu-
rate structure bears a similarity to the can-
ted model (left) of Fig. 8, which has a higher
symmetry. Furthermore, it would not be
possible to reproduce the observed intensi-
ties on the basis of the phase relations of
the collinear model (right) (having three
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FiG. 7. The ratio of the intensity of the three
magnetic satellites to the intensity of the zero-point
satellite as a function of the angle ¢, between the
moment direction in the incommensurate structure
and the c-axis.

atoms parallel and one atom antiparallel
within the chemical cell).

Inspite of the similarity between the can-
ted structure and the lock-in structure the
intensity calculation cannot be procured by
the same formula since the structures are of
a different nature (5) and are described by
the wave vectors kg = [ 03] and k; = [¢, 0
q.) in the notation of Ref. (/2). The star of
the wave vectors has two and four arms,
respectively. The corresponding order pa-
rameters have the dimensions 4. The two
wave vectors correspond to different irre-
ducible representations. The irreducible
representation associated with the wave
vector k; is one dimensional, as expected
for a sinus modulation. The transition from
one structure to the other, as already men-
tioned, is most probably of first order.
Therefore it is associated with a discontinu-
ous change of the order parameter and
depends on both the temperature and the
composition.

The intensity calculations of the incom-
mensurate structure were carried out for all
equivalent reflections and for one arm of
the wave vector star and added up. The
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FiG. 8. Schematic representation of the incommensurate magnetic structure (only magnetic atoms
are shown) proposed for the high-temperature magnetic phase of HoGeg,Sigs (Tic = T = Ty). In the
bottom part of the figure the incommensurate structure is compared with two types of structures
proposed for the low-temperature commensurate phase. All figures are projections onto the (x0z)

plane.

corresponding intensities are listed in Table
III and compared with the results obtained
for the commensurate structure at 4.2 K.
The splitting of all satellites observed can
be derived from the comparison of the
corresponding 26 values at the two temper-
atures. The profile calculated for the whole
26 region considered is displayed in Fig. 6a
and shows good agreement with the experi-
mental data.

The incommensurate model shown in
Fig. 8 corresponds to a sinusoidal moment
modulation in the direction of the wave
vector [0.459, 0., 0.511]. The moment is
polarized in the [1 0 10] direction which is
5.2° off the z-axis. The phase difference
between translational equivalent atoms is

27q, = 165.2° along x and 2wq, = 183.9°
along the z direction, compared to 180° in
the lock-in structure. The moment value
reduces almost to zero after 6 cells in the x
direction and readopts its original value
after 12 cells. The modulation in the z
direction is rather smooth and about 23
cells are needed for the moment to disap-
pear, and 46 cells are required to reach its
original value. One may figure that at Tj
half of the moments of the canted model
may turn by almost 10° and align them-
selves parallel within the cell when the
wave vector jumps to the incommensurate
value and the lattice loses its translational
periodicity in two directions. The change of
the wave vector length in the remaining
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temperature interval up to Ty is less pro-
nounced, as will be shown in the next
section.

2.4. The Temperature Dependence of the
Wave Vector g, 0 q,] in HoGe,_,Si,

Difference diagrams obtained from neu-
tron diagrams pertaining to the ordered
(commensurate or incommensurate) state
after subtraction of the neutron intensities
pertaining to the paramagnetic state may
provide useful information when analyzing
data obtained by powder diffraction. It is
extremely helpful, in particular, when in-
dexing incommensurate structures for
which the wave vector may have a general
position in space. This procedure (5) is
applied in the data analysis of HoGeg»Sigg
for the temperatures 4.2 K (lock-in struc-
ture), 16.3 K (incommensurate structure),
and 30 K (paramagnetic state). One may
recognize in Figs. 6b and 6c¢ that, apart
from the zero-point satellite {3 0 4] at 20 =
23.4° three additional [#/2 0 [/2] reflections
occur, the locations of which are indicated
by arrows. However, only the [§ 0 ] reflec-
tion (at 26 = 51.95°) is well resolved. This
latter reflection together with the [3 0 3]
reflection has been used for deriving the g,
and g, wave vector components. A g, mod-
ulation has been ruled out from the fact that
the zero-point satellite moves to smaller
angles.

The [3 0 %] reflection, like all the other
[A/2 0 1/2] reflections, shows a shift in 26 but
does not split. In contrast to the (0007)
satellite the reflection [§ 0 3] moves toward
higher angles above T;.. The shift in 260 at a
temperature just 1 K above the transition
point is almost 2° (20 = 53.59°, see Fig. 6b).
The [ 0 3] reflection corresponds to the
(2007) satellite as shown in (5). After inser-
ting the experimental sin’0 values observed
at 16.5 K for the (000™) and (2007) satellites
in formula (1) we obtain a system of two
equations which may be used for deriving
g, and g,. The first estimates of the values
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{0.45, 0., 0.51] were used to index the 16.5
K data over a large 26 region. Subsequently
the refined value [0.459, 0., 0.511] was
obtained. The 26 values calculated show a
satisfactory agreement, up 26 = 100°, with
the 26 values observed, as is seen in Table
III.

The temperature dependence of the wave
vector components for three compounds is
shown in Fig. 9. The ¢, values, which are
related to the splitting of the [5 1 3] reflec-
tion by the expression (5)

2

2 (sin’@50- — sin’6y;;-) + 0.5, (3)

q. =
were calculated for all temperatures up to
Tn. In a similar manner the values of g,
were derived from the 26 values of the
zero-point satellite:

4 Sil’l20000+ qg e
p=a | Ly
q [ 2 p 4)

The germanium-rich compound x = 0.2,
which remains incommensurate down to
1.2 K, shows a linear decrease and increase
with increasing temperature of the g, and
the g, components, respectively. From Fig.
9 it can be deduced that the lock-in struc-
ture may arise by a jump of the wave vector

1051

0.4}

042 J050

4 1 L

4 10 15 20

Fi1G. 9. Temperature dependence of the wave vector
components g, (open symbols) and g, (filled symbols)
for various compositions of the HoGe,_,Si, system.
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below 1.2 K and not by a continuous wave
vector change (a linear extrapolation would
correspond to a lock-in temperature of —6
K). The g, values of this compound are
better approximated by the multi-Gauss
fitting procedure than those for which x >
0.2, since the unfolding of this satellite is
already completed at 4.2 K. Close to Ty =
19 K the wave vector of this compound
shows the largest deviation from the lock-in
value [3 0 4] occurring in this system [0.43,
0, 0.527]. The incommensurate region be-
comes reduced with increasing silicon con-
tent. For the pure HoSi compound, which
is not included in Fig. 9, the incommensu-
rate region is only 7°. It is difficult from the
accuracy of our data to comment on the
wave vector values for temperatures just
above T,.. The common characteristic of
the magnetic phase transition observed for
all compounds is that the wave vector
changes discontinuously to an incommen-
surate value for which g, < 3and g, > §. It
cannot be excluded that the incommensu-
rate value at each T is the same for all
compositions since above T;. the wave vec-
tor components for all compositions vary
linearly with temperature, the correspond-
ing curves having almost the same slope.
The wave vector length changes quite
smoothly in the region between T;. and Ty
along a line that makes an angle of 13° with
the ag-axis, while the moment direction does
not change and remains close to the ¢
direction.

3. Concluding Remarks

The magnetic phase diagram of the sys-
tem HoGe,-,Si,, shown in Fig. 10, com-
prises three distinct regions. The paramag-
netic phase is stable at high temperatures.
At temperatures below Ty there is a region
where the magnetic ordering leads to an
incommensurate structure. At still lower
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system.

temperatures it passes into a region where
the magnetic structure is commensurate.
However, this latter region is not found in
the Ge-rich corner. Here the incommensu-
rate structure extends to all temperatures
considered by us in this investigation. It is
interesting to compare the phase diagram
for HoGe, _,Si, with the phase diagram ob-
tained by us for TbGe,_Si. (5). At the
Si-rich end (disregarding the crystallogra-
phic structure change) both phase diagrams
bear the same features, decreasing temper-
ature leading from the paramagnetic regime
first into the incommensurate regime and
eventually reaching the commensurate re-
gime where magnetic structures of the type
[$ 0 3] are stable. The phase diagram of the
TbGe,;-,Si, system differs from the Ho
Ge,_,Si; one insofar as the regime of the (30
3] structure extends to all concentrations.
Moreover, the regime of the incommensu-
rate phase extends to concentrations above
x =~ 0.6. A commensurate phase of the type
[0 0 4] is found instead of this incommensu-
rate phase for Si concentrations lower than
x == 0.6. In an attempt to trace the origin of
the magnetic phase transformations occur-
ring below Ty one might wonder whether
the interatomic distances and hence the
lattice constants play an important role. In
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view of the chemical similarity between Ge
and Si it seems not unlikely that the con-
centration-induced change from the com-
mensurate [0 0 3] type of siructure to the
incommensurate [g, 0 ¢.] type of structure
at intermediate temperatures 1n the
TbGe;_,Si, system is to be associated with
the decreasing lattice constants with in-
creasing x. If the lattice constants found for
TbGeg 4Sig ¢ are considered as marking the
limit for the occurrence of the [0 0 3] type
one finds from the lattice constants of the
HoGe,_,Si, compounds that the situation in
the latter system should correspond to a
situation found in the Si-rich side of the
TbGe,_,Si, system. In other words, for the
lattice constants found in the HoGe,_,Si,
system one expects only three regions to be
present in the phase diagram, comprising
the paramagnetic region, the incommensu-
rate region (k = [g, 0 ¢.]), and the commen-
surate region (k = [3 0 3]). The agreement
with the phase diagram actually observed
for HoGe;_,Si, is gratifying. However,
some preliminary data obtained for the
compound DyGe indicate that this ap-
proach might be an oversimplification.
More experimental information is required
to obtain a better understanding of the
development of the magnetic phase dia-
grams in the various RGe,_,Si, pseudobi-
nary systems. An extension of our experi-
ments in this direction is planned in the
near future.
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