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Neutron powder diffraction has been used to study the evolution of long range magnetic order 
in the pseudobinary CI 5 Laves phase system Hoj^Y^Mnj. Particular attention has been paid to 
the nature of the Mn moment. At Y-rich compositions (x > 0.9) an incommensurate antiferromag- 
netic structure, similar to that of YMn2 is observed. Transition to the ordered state, as in YMn2, is 
accompanied by a 5% expansion of the unit cell, identifying the Mn moments, of 2.7 pB, as intrinsic. 
The magnetic structure of compositions with x<0.7 resembles that of HoMn2 and DyMn2, with 
only one quarter of the chemically equivalent Mn sites possessing a moment of 0.6 pB induced by 
the local symmetry of the antiferromagnetically ordered Ho sublattice. Transition to the ordered 
state is not accompanied by a cell expansion. Between x = 0.7 and x = 0.9 there is no longe range 
magnetic order, nor is there an expansion of the unit cell, suggesting the total absence of either 
induced or intrinsic Mn moments. The results indicate that a critical Mn-Mn near neighbour 
distance of 2.663 Ä is necessary to sustain an intrinsic Mn moment in these compounds.
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Introduction

The magnetic ground state of manganese in the CI 4 
and CI5 Laves phase compounds RMn2, where R is 
a 4f metal or Y, has been shown to depend sensitively 
on the M n-M n near neighbour distance, dMn_Mn [1]. 
At high temperatures (T> 100 K) inelastic neutron 
scattering and pSR show the Mn magnetic moments 
to be in a spin fluctuating state [2]. With decreasing 
temperature those compounds with dMn_ Mn larger 
then 2.66 Ä develop an intrinsic moment at the Mn 
sites of approximately 2.8 pB [3]. The sudden appear­
ance of this localised moment coincides with the onset 
of antiferromagnetic order and is accompanied by a 
marked increase in the volume of the unit cell. In the 
case of YMn2 the volume anomaly, A V/ V, is as large 
as 5% [4], In contrast, for those compounds with 
dMn_Mn<2.66 Ä only some of the Mn sites develop a 
moment [5]. In this case the Mn moment is induced by 
a strongly polarising magnetic environment arising 
from the magnetically ordered 4f sublattice. For ex­
ample, in cubic C I5 DyMn2 and HoMn2 one in four 
of the chemically equivalent Mn sites possess an in­
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duced moment [5, 6]. The differences in character of 
the intrinsic and induced moments are underlined by 
the absence of a volume anomaly associated with the 
appearance of the latter.

Neutron powder diffraction, magnetostriction 
measurements and pSR have already been used to 
map the evolution from induced to intrinsic Mn mo­
ment in the pseudobinary system Dy1_xY;cMn2 
[7-10]. It has been shown that at intermediate con­
centrations, 0.7< 1 — x<0.3, there is no longer range 
magnetic order. However, a volume anomaly of A V/ 
V =l%  is observed at the "spin-glass" transition 
(Tg = 20 K), providing evidence for the persistence of 
an intrinsic moment, of the order of 1 pB, throughout 
this magnetically disordered intermediate regime.

For HoMn2 the M n-M n near neighbour distance 
is significantly smaller than that of DyMn2. In princi­
ple, therefore, the pseudobinary series Ho1_xYxMn2 
affords the possibility of exploring the transition from 
induced to intrinsic moment in more detail than does 
Dy! _xYxMn2. We have used neutron powder diffrac­
tion to study the phase diagram of cubic CI5 
Ho1_xYxMn2 in order to elucidate the interplay of 
structure and 4f metal interactions in defining the 
magnetic groundstate of Mn in the RMn2 com­
pounds.
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Experimental

Nine 15 gr samples from the Hot _xYJ.Mn2 series in 
the range 0 < x < 1 were prepared by argon arc melting 
appropriate quantities of the constituent elements of 
purity better than 99.9% (Johnson-Matthey pic). A 
slight excess (5%) of Ho and Y over Mn was used to 
help suppress formation of the R6Mn23 phase. The 
resulting ingots were subsequently powdered.

The neutron diffraction experiments were per­
formed using the DIB high intensity powder diffrac­
tometer at the Institut Laue-Langevin (ILL), Greno­
ble. DIB uses a 2.52 Ä monochromatic neutron beam 
and has a 400 element linear multidetector covering 
an angular range of 80°. The multidetector allows 
rapid data collection, typical diffraction patterns be­
ing accumulated in 10 minute intervals.

The powdered samples were contained in a vana­
dium can mounted in a standart ILL "orange" 
cryostat. Patterns were collected at temperatures 
between 2 K and 300 K. The resulting diffraction 
patterns were analysed using programs developed at 
the ILL. Individual Bragg peak intensities were 
determined using the ABFFIT programs, while full 
structural and magnetic profile refinement was 
carried out using a modified Rietveld method, 
FULLPROF [11, 12].
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Results

The thermal evolution of the neutron diffraction pat­
terns from four selected Ho1_xYxMn2 samples is 
shown in Figures 1 -4. These patterns are characteris­
tic of those obtained in four principle regions of the 
Ho1_JCYxMn2 magnetic phase diagram, which is 
shown in Figure 5. These four regions will be dis­
cussed in turn below.

0 < jc < 0.35

The thermogram in Fig. 1 is typical of those ob­
tained from the Ho-rich samples with x = 0.1, 0.2 and 
0.3. Initially antiferromagnetic Bragg peaks, associ­
ated with the AF2 structure, develop on cooling. On 
further cooling evidence for spin canting is provided 
by the appearance of a ferromagnetic (F) contribution 
at the nuclear Bragg peaks. The low temperature spec­
tra could be fitted using the spin canted (AF2 + F)
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Fig. 2. Neutron thermogram of Ho0 5Y0 5Mn2
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Fig. 3. Neutron thermogram of Ho0 3Y0 7Mn2.
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Fig. 4. Neutron thermogram of Ho0 05Y0 95Mn2.
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Fig. 5. The magnetic phase diagram of Hoj^Y^Mnj. P 
stands for paramagnetic, AFI and AF2 for antiferromag­
netic order of first and second type for a cubic fee lattice and 
F stands for ferromagnetism.

structure reported previously for the pure DyMn2 and 
HoMn2 [5, 6] compounds and illustrated in Figure 6. 
Increasing the substitution of nonmagnetic Y leads to 
a decrease in the magnitude of the ferromagnetic 
component (and hence in the spin canting) whilst the 
antiferromagnetic • component is little changed 
(Table 1). As it is the antiferromagnetic component 
of the 4f-metal spin structure that is responsible 
for the exchange induced magnetic moment at one
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Fig. 6. The magnetic structure of H o ^ ^ M iij with 
0<x<0.65. For more details see [5] and [8].

Table 1. Refined values of the magnetic moments in 
Ho ! _xYxMn2 tabulated as function of 1 —x. Fand AF stand 
for ferro- and antiferromagnetic component of the rare earth 
sublattice. Feott and AFcmi are values corrected for the actual 
Ho concentration and give the values per Ho atom. Mn 
stands for Manganese moment. All values are in units of pB.

1 —x F AF AF„ Mn

0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0

2.89 (9) 
4.93 (13) 
6.07 (16) 
7.03 (20)

4.13 (13) 
6.16 (16) 
6.74 (18) 
7.03 (20)

1.17 (6) 
2.25 (5) 
3.72 (5) 
3.82 (6) 
3.62 (15) 
3.00 (18) 
3.46 (21)

2.93 (15) 
4.50 (10) 
6.20 (8)
5.45 (9) 
4.53 (19) 
3.33 (20)
3.46 (21)

0.2 (1) 
0.25 (10) 
0.55 (7) 
0.65 (6) 
0.63 (10) 
0.52 (13) 
0.62 (20)

in four of the Mn sites, the magnitude of the induced 
Mn moment remains constant at 0.6 pB. "Curie" and 
Neel temperatures have been determined from the 
variation of the magnetic Bragg intensities with tem­
perature. Both decrease with increasing Y substitu­
tion. Table 1 summarises the principal magnetic 
parameters obtained from refinement of the magnetic 
structures, together with the previously reported val­
ues for HoMn2.

Sequential refinement of the lattice parameter was 
performed for all three samples in this concentra­
tion regime. Although the thermal expansion co­
efficient (TEC) above TN is moderately enhanced 
(TEC = 27 x 10" 6 K " 1) indicative of spin fluctuating 
3 d moments, there is no sign of a volume anomaly at 
TN for any of the samples.
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Fig. 7. The 30 K-2 K difference pattern of Ho0 4Y0 6Mn2.

0.35 < x  <0.65

This range of the magnetic phase diagram is charac­
terised by the disappearance of the ferromagnetic 
component of the spin structure of the rare earth 
sublattice. The antiferromagnetic coupling persists, 
however, as can be seen in the thermogram of 
Ho0 5Y0 5Mn2 (Figure 2). The values of the magnetic 
moments and ordering temperatures extracted from 
refinement of the diffraction patterns are listed in 
Table 1.

Ho0 6Y0 4Mn2 sees an AF2 coupling comparable to 
that of the Ho-rich samples discussed above, and con­
sequently the induced Mn moment on every fourth 
site remains constant at 0.6 pB. However, further dilu­
tion by Y decreases the 4f-metal exchange coupling 
and hence the magnitude of the Mn moments. Fig­
ure 7 shows the difference between Ho0 4Y0 6Mn2 
spectra collected at 2 K and 30 K. While AF2 antifer-
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romagnetic Bragg peaks are still evident, the differ­
ence spectrum is dominated by a modulated back­
ground arising from massive magnetic short range 4f 
spin correlations associated with the AF2 phase. 
Statistics are not sufficient to analyse this magnetic 
short range order quantitatively doing a Fourier trans­
form analysis. As a rough estimate an upper limit for 
the correlation length of 30 Ä can be determined using 
the Scherrer formula for peak broadening [13].

Again, in this concentration range, sequential re­
finement of the structural parameters shows no vol­
ume anomaly at TN. A TEC of 29 x 10"6 K -1 is ob­
tained.

0.65 < j: < 0.85

The thermogram of Ho0 3Y0 7Mn2 (Fig. 3) shows 
no evidence of long range magnetic order down to
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Fig. 8. The 30 K-5 K difference pattern of Ho0 3Y0 7Mn2.

2 K. The difference plot, 5K -30K , for this com­
pound (Fig. 8) provides evidence of persisting AF2 
correlations, with a correlation length of again less 
than 30 Ä. The antiferromagnetic Dy-Dy correla­
tions are therefore of considerably shorter range than 
those observed in the "nonmagnetic" state at interme­
diate concentrations of the Dyj _xYxMn2 series where 
they amounted to about 100 Ä [8]. Also in contrast to 
the Dy1_xY;cMn2 compounds, sequential refinement 
of the Ho0 3Y0 7Mn2 spectra shows no volume 
anomaly at any temperature.

0.85 < jc < 1

Figure 4 shows the neutron thermogram obtained 
from the Ho0 05Y0 95Mn2 sample. The principal fea­
tures of the thermogram are similar to those found in 
most dilute rare earth substituted YMn2 compounds.

60 70 80 90
20(deg)

There is a transition to antiferromagnetic order close 
to TN = 100K, which is accompanied by a massive 
thermal expansion anomaly. In this compound, how­
ever, only 34% of the sample transforms to the ex­
panded antiferromagnetic phase, the remaining vol­
ume fraction staying paramagnetic. This results in an 
apparent decrease of the peak intensity of the nuclear 
Bragg peaks as the intensity is distributed between 
split nuclear peaks below TN.

In Fig. 9 the spectrum obtained from Ho0 05 
Y0 95Mn2 at 2 K is shown. The split nuclear peaks 
reveal the coexistence of the expanded and nonex- 
panded phases. The antiferromagnetic Bragg peaks 
are worthy of closer inspection: at low angles where 
the resolution of the DIB diffractometer is optimal, 
one can clearly distinguish a splitting of these peaks. 
The first three magnetic peaks at 2 0  = 31°, 42° and 
47° can be indexed, using the AFI model proposed for 
YMn2 [14], as 110, 201 and 112. For YMn2 a propa-
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Fig. 9. The 2 K neutron diffraction pattern of Ho0 05Y0 95Mn2. A stands for antiferromagnetic phase, P for paramagnetic 
phase and I for impurity phase.
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Fig. 10. A schematic presentation of the influence of the Fig. 11. The observed, calculated and difference powder
second component t' of the propagation vector [tt'1] on the neutron diffraction profils of Ho0 0SY0 95Mn2 at 2 K using
splitting of the first 3 antiferromagnetic reflections in a propagationvector [tt'1].
Ho0.05Y0.95Mn2-
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gation vector [tt'1], with t  = 0.018 and t' = 0.003 has 
been determined from high resolution powder diffrac­
tion measurements [15]. In Ho0 05Y0 95Mn2 the ob­
served splitting of the magnetic peaks, and hence the 
magnitude of the t-vectors, have significantly in­
creased.

In Fig. 10 we explain schematically the influence 
of the two incommensurate components of the 
propagation vector on the splitting of the 110, 201 
and 112 reflections: in particular note that when 
t  = t' three peaks are observed at the 110 position 
while two peaks are found at 201. Using a modified 
Rietveld program which allows the refinement of in­
commensurate magnetic structures we obtain for 
Ho0 05Y0 95Mn2 at 2 K the propagation vector [tt'1], 
with t  = 0.024 and t' = 0.015 (Figure 11).

It can be seen in Fig. 4 that the shape of the 110 
peak evolves with temperature. A sequential Rietveld 
refinement of the temperature dependent magnetic 
structure of Ho0 05Y0 95Mn2 provides the compo­
nents of the propagation vector shown in Figure 12. 
While t remains almost constant at 0.023(1), t' de­
creases significantly from 0.015 at 2 K to 0.0065 at 
83 K.

The value of the Mn moment in the expanded 
antiferromagnetic phase is 2.6(1) pB at 2 K and 
2.75(15) at 83 K, at which temperature only 12% 
of the sample volume is still in the expanded phase.

Refining the cubic lattice parameters a volume ex­
pansion of AF/F=5.8% is observed on cooling into 
the antiferromagnetic phase. This identifies the Mn 
moment as intrinsic. Correspondingly, in the para­
magnetic phase, we find TEC = 53 x 10"6 K "1. This
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Fig. 12. Temperature dependence of the components t and 
t* of the incommensurate propagation vector >c = [tt*1] of
HO0.05Y0.95Mn2-

Table 2. Results of the refinement for the Y-richest phases. 
a0 para and a0 anti stand for the cubic lattice parameters in 
the para- and antiferromagnetic part of the sample volume 
at 2K.

Ho0 ,iY09Mn2 Ho0.05Y0.95Mn2

/̂ Mn 2.65 (35) pB 2.6 (l)*iB
A V/V 4.7% 5.8%
a0 para 7.535 (95%) 7.543 (66%)
a0 anti 7.652 (5%) 7.686 (34%)
TEC 40 x 10- 6 K-1 SSxlO ^K "1

value, like that of the parent compound YMn2 is 
anomalously high, and is consistent with a spin fluctu­
ating state above Ts .

For the Ho0̂ Yo 9Mn2 sample only a transforma­
tion to the expanded antiferromagnetic state is ob­
served at TN = 60 K. The magnetic structure is little 
changed from that of Ho0 05Y0 95Mn2, with the Mn 
moment refining to 2.65 (15) pB. The volume anomaly 
at TN is AF/F=4.7% which is still very large and 
comparable to that of pure YMn2. The principal re­
sults obtained from the refinement of the two Y-rich 
samples are summarized in Table 2. It should be noted 
that there is no evidence of the participation of Ho 
moments in the observed AFI phase.

Discussion and Conclusions

The pseudobinary CI 5 Laves phase system 
Ho1_JCYJCMn2 reveals a magnetic phase diagram 
which embraces a transition from a large 0uMn = 2.7 pB) 
intrinsic localised Mn moment at high Y concentra­
tions (x>0.9) to a small OuMn = 0.6pB) induced Mn 
moment at one in four of the Mn sites at intermediate 
and high Ho concentrations (x<0.7).

The transition between these two extremes does not 
proceed via a broad intermediate state characterised 
by disordered intrinsic Mn moments, as observed in 
the case of the related Dy1_:tYJCMn2 system [7], In­
stead Ho1_JCY;tMn2 shows a relatively narrow disor­
dered region (0.7< x <0.9) in which there is no evi­
dence for either intrinsic or induced moments at the 
Mn sites.

The apparent absence of Mn moments in this disor­
dered region enabled us to determine accurately a 
critical M n-M n distance above which an intrinsic 
Mn moment can be formed. We obtain dc = 2.663 Ä, 
in very close agreement with the value extracted from 
our study of the Dy1_xYxMn2 phase diagram [8],
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The existence of long range AF2-type magnetic 
order of the rate earth sublattice down to 
Ho0 04Y0 6Mn2 gives a strong indication of the im­
portant role R-Mn interactions play in the case of the 
Dy1_xY;cMn2 series [7, 8]. There, in the presence of a 
small intrinsic moment on Mn, only short range order 
is preserved on the Dy sublattice for ^>0.3.

Although intrinsic moments cannot form for 
dMn- Mn< dc, the large TEC found in the paramag­
netic phase at all compositions indicates presence of a 
spin fluctuating Mn moment, possibly close to locali­
sation, to well below the critical distance.

The magnetic structure of the YMn2 samples with 
dilute Ho substitution is rather enigmatic: for dilute 
Tb and Dy substitution a commensurate AFI phase is 
observed [7, 16].

It has been suggested that in pure YMn2 the mag­
netic frustation resulting from the superposition of

antiferromagnetic order upon a tetrahedral Mn-site 
topology gives rise to both a tetragonal distortion of 
the unit cell and an incommensurate magnetic struc­
ture [15, 17]. For Tb and Dy substitution in YMn2 it 
appears that for these substituents at least, the 
magnetic frustration can be relieved without recourse 
to incommensurability: diffraction studies of these 
compounds have not yet been performed at sufficiently 
high resolution to assess the role of any tetragonal 
distortion.

We might speculate that in the case of Ho substitu­
tion the tetragonal distortion of the lattice below TN is 
suppressed, leaving incommensurability as the only 
route by which the magnetic frustration can be re­
lieved. Such speculation can only be resolved with 
further, high resolution, neutron diffraction measure­
ments.
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