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The crystal structure, phase relationship, and magnetic properties of the system Hos(Si,Ge,_,), have been
studied using polycrystalline samples with compositions x=0, 0.25, 0.5, 0.75, 0.875, and 1. At room tempera-
ture, the concentration range 0 =x=0.5 presents an orthorhombic SmsGe,-type O(Il) structure, whereas the
monoclinic M phase sets in the compounds with concentrations x=0.75 and 0.875. The orthorhombic
GdsSig-type O(I) structure is present only for x=1. Magnetic characterization has shown that the
Hos(Si,Ge;_,)4 system is paramagnetic at 300 K. The samples with an O(II) structure undergo a second order
antiferromagnetic transition with 7 between 25 and 30 K. The compounds with x>0.5 present a low tem-
perature ferromagnetic phase with T rapidly increasing with Si content (d7¢/dx=95 K). A second magnetic
transition has been detected in the whole composition range at Tgz~ 15 K, which might correspond to a
reorientation of the easy magnetization axis. Linear thermal expansion experiments evidence no spontaneous
structural transition with the exception of HosGe,, where a small anomaly has been observed, which is
probably due to the structural change of a small fraction of the sample volume.
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I. INTRODUCTION

The magnetocaloric effect (MCE) has been extensively
studied in the past years, especially after Pecharsky and
Gschneidner' discovered a giant MCE between 270 and 300
K in the GdsSi,Ge, compound. This finding and its potential
application on room temperature magnetic refrigeration
technology?> induced a renewed interest on the
Rs(Si,Ge,_,);, family of compounds (R=rare earth)5
leading to the discovery of many other peculiar physical
properties, namely, unusual magnetostructural transitions,?
giant magnetoresistance*?! and other exotic electrical
properties,?>~%6 giant magnetostriction,?”-?® and more recently
a Griffiths-like behavior observed in some Gd (Ref. 29) and
Tb (Ref. 30) compounds. Additionally, these structural, mag-
netic, and electrical properties were found to strongly depend
on Si/Ge concentration (x), giving rise to very complex
phase diagrams reflecting the strong interplay between lat-
tice, charge, and spin degrees of freedom.310:12:22.24.31

In spite of this effort, scarce information is known about
the R=Ho compounds. Holtzberg et al.’> were the first to
study the structural and magnetic properties of HosGe,. They
found that this compound crystallizes in the SmsGe,-type
Pnma orthorhombic structure with 4 f.u./unit cell and exhib-
its a second order paramagnetic (PM) to antiferromagnetic
(AFM) phase transition at Ty=21 K. From the reciprocal
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magnetic susceptibility, a positive paramagnetic Curie—Weiss
temperature of ®p=16 K was obtained, revealing the pres-
ence of ferromagnetic (FM) interactions due to the
Rudermann—Kittel-Kasuya—Yosida exchange interactions
between Ho ions.3? Afterward, by using neutron diffraction
experiments, Schobinger-Papamantellos and Niggli** ob-
served a change on the easy magnetization axis at
T=18 K.3* Holtzberg et al.*? also characterized the com-
pound HosSi, and showed that at room temperature, it is PM
and crystallizes in a GdsSiy-type Pnma structure. At low
temperatures, a second order FM transition occurs at
T-=76 K. A recent work by Thuy er al’* claims that
HosSi,Ge, also exhibits a Pnma structure at 300 K and an
AFM phase transition at Ty=25 K, although in this case, a
drastic increase in the magnetization was observed when an
external magnetic field is applied (H~ 12 kOe) at 5 K and
attributed to a metamagnetic phase transition.

In the present work, we report a detailed structural [x-ray
diffraction and scanning electron microscopy (SEM)], mag-
netic  [superconducting quantum interference device
(SQUID) magnetometry ], and magnetoelastic [linear thermal
expansion (LTE) and magnetostriction] study of the
Hos(Si,Ge|_,), system, with x=0, 0.25, 0.5, 0.75, 0.875, and
1. As a result, the magnetic and structural x-7" phase diagram
is proposed.

©2008 The American Physical Society
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FIG. 1. Backscattered electron SEM micrographs of samples
with x=0, 0.5, 0.75, and 1.

II. EXPERIMENTAL DETAILS

Polycrystalline specimens of Hos(Si,Ge;_,)s, with x=0,
0.25, 0.5, 0.75, 0.875, and 1, were synthesized by arc melting
of stoichiometric mixtures of high-purity Ho (99.99 wt %)
and Si and Ge (99.9999 wt %). Weight losses during melt-
ing were negligible, and therefore, the initial compositions
were assumed unchanged.

The quality of the as-cast samples was checked by x-ray
powder diffraction and SEM combined with x-ray energy
dispersive spectrometry (EDS). The crystallographic struc-
ture was determined by Rietveld refinement of the x-ray dif-
fraction patterns using the software package FULLPROF.%
Magnetization experiments were performed in a commercial
(Quantum Design) SQUID magnetometer in the temperature
range of 5-300 K and magnetic fields up to 50 kOe. Linear
thermal expansion and magnetostriction measurements were
performed using the strain gauge technique from 10 to 300
K.36

III. EXPERIMENTAL RESULTS
A. Structural characterization

Figure 1 displays several backscattered electron SEM mi-
crographs of samples with x=0, 0.5, 0.75, and 1. These im-
ages have been selected to illustrate the regions of the sample
where the secondary phases are found and they are not rep-
resentative of the phase abundance in the sample. EDS
analysis has shown that the composition of the matrix is very
close to the nominal one in all samples. Whereas in the
sample with x=0.75 no evidence of impurities is observed
[see Fig. 1(c)], the other compounds show small traces of
areas lighter (higher atomic mass) and darker (lower atomic
mass) than the Hos(Si,Ge), matrix. The stoichiometry of
these areas corresponds to the impurity phases Hos(Si,Ge),
and Ho(Si,Ge), respectively, which are usual in the 5:4 com-
pounds. In order to determine the crystallographic structure,
i.e., lattice parameters, and to quantify the amount of the
secondary phases, we have performed Rietveld refinements
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TABLE I. Room temperature crystalline structure and cell pa-
rameters for the Hos(Si,Ge,_,)4 system.

X Structure a b c B
0  Pnma 7.565(3) 14.549(1) 7.636(4)
[Sm5Ge4, O(II)]
0.25 Pnma 7.531(0) 14.537(3) 7.610(1)
[Sm5G64, O(II)]
0.5 Pnma 7.517(9) 14.535(4) 7.601(3)
[SmSGe4, O(II)]
0.75 Pl112;/a 7.428(2) 14.498(9) 7.624(5) 93.003(8)

[GdsSi,Ge,, M]
0.875 P112;/a
(GdsSi,Ge,, M)
1 Pnma
[GdsSiy, O(I)]

7.425(6) 14.486(1) 7.605(5) 93.084(1)

7.340(9) 14.470(1) 7.639(4)

of the room temperature x-ray diffraction patterns. The re-
sults of the fits are summarized in Table I, and as an illustra-
tive example, the refinement for the compound
Hos(Sig5Geg7s)4 is displayed in Fig. 2. In full correspon-
dence with the EDS analysis, the amount of secondary
phases estimated is always less than 10%, and in the case of
x=0.75 composition, the refinement can be performed as-
suming the presence of a single 5:4 phase.®®

The analysis of the x-ray powder diffraction data reveals
that the pseudobinary Hos(Si,Ge,_,)4 system presents three
distinct crystal structures at room temperature as a function
of the composition. The holmium silicide crystallizes in the
Pnma orthorhombic space group with the GdsSiy-type [O(T)]
structure. The samples in the composition range 0.75=x
=0.85 exhibit a monoclinic GdsSi,Ge,-type (M) structure,
which belongs to the P112,/a space group. Finally, the Ge-
rich  compounds (x=0.5) adopt the orthorhombic
SmsGey-type [O(I)] structure, which also belongs to the
Pnma space group.?’
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FIG. 2. (Color online) 6-20 x-ray diffraction for

Hos(Sip25Gey75)4 from 20° to 80° in steps of 0.03° at room
temperature.
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TABLE II. Phenomenological crystallographic phase prediction
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for the Hos(Si,Ge;_,)4 system.

X rrlrr Phase
0.00 1.282 o(I0)
0.25 1.295 o(I0)
0.50 1.308 o)
0.75 1.322 M
0.875 1.326 M
1.00 1.336 o)

X (Si concentration)

FIG. 3. (a) Lattice parameters and (b) unit cell volume of
Hos(Si,Ge;_,)4 as a function of x at 300 K.

The dependence of the lattice parameters and the unit cell
volume on the Si concentration (x) at room temperature is
shown in Figs. 3(a) and 3(b), respectively. By observing Fig.
3(a), one notices that, in general, the lattice parameters tend
to moderately decrease with Si doping within each solid so-
lution region. The drastic changes occur when changing the
crystal structure. In this case, the a parameter drastically de-
creases, which is about —1.2% and —1.1% in the phase
changes O(I)— M and M — O(II), respectively. The lattice
parameters b and c experiment rather moderate changes,
Ab/b=+0.3% and Ac/c=-0.3% in the phase boundary
O1)—M and Ab/b=+03% and Ac/c=-0.1% in
M — O(I) [Fig. 3(a)]. Therefore, the change in crystallo-
graphic structure induces remarkable lattice changes.

As one can see in Fig. 3(b), the overall effect of Si on
substituting Ge for the smaller Si atom is that of reducing the
unit cell volume, both within each solid solution region and
in the induced crystal changes, AV/V=-1.2% in O(1) =M
and AV/V=-1.0% in M — O(II).

We can predict the type of crystal structure for a com-
pound with a specific x concentration by taking the coeffi-
cient between the different radius (f,) of magnetic (rg) and
nonmagnetic (r7) atoms into consideration.!”

In a previous work, Pecharsky et al.!” established a cor-
relation between the crystal structure of the Rs(Si,Ge,_,)4
alloys and the ratio between the radius of magnetic (rg) and
nonmagnetic (ry) atoms, i.e., f,=rg/ry. In this phenomeno-
logical study, the GdsSis-type O(I) structural phase is found
for values of f, between 1.370 and 1.334, the
GdsSi,Ge,-type M structure is expected between 1.333 and
1.326, and the SmsGe,-type O(II) structure falls in the range
of 1.319-1.290. We can predict the type of crystal structure
given by this model considering that r is the metallic radius
of Ho (rg=1.776 A) (Ref. 37) and r; is obtained as a
weighted average radius that is given by the statistical molar
fraction of Si (fg) and the different radii of Si and Ge
(r;=1.322 A and rg.=1.378 A from Ref. 17),

rr=fsirsi+ (1 = fsi)rge- (1)

Table II displays the values of f, obtained for the
Hos(Si,Ge,_,), compounds and their corresponding crystal

structures, showing good agreement with the model of Pe-
charsky er al. (Ref. 17).

B. Linear thermal expansion

Temperature dependence of the LTE for several represen-
tative specimens of Hos(Si,Ge,_,), in the temperature range
of 10-300 K is depicted in Fig. 4. HosGe, exhibits a small
LTE anomaly (Al/l~0.01%) at T~27 K, as can be ob-
served in the inset, which is the usual signal of the occur-
rence of a structural transition. However, the magnitude of
this step is about 0.01%, which is an order of magnitude
smaller than typical LTE discontinuities of about 0.1%-—
0.3%, characteristic of a structural transition in polycrystal-
line specimens. This fact points to the possibility of a partial
structural transformation, which is confirmed by the mea-
surement of magnetostriction (MS) upon pulsed magnetic
fields in the vicinity of the LTE anomaly, as shown in the
inset of Fig. 4. In this case, a large anomaly of about —0.18%
is induced at a magnetic field of 20 kOe. It is worth men-
tioning that this transition does not show significant hyster-
etic behavior both at the M(H) isotherms and at the pulsed
field MS. Further studies are now needed to clarify the nature
of this anomaly, which is likely associated, as in other 5:4
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FIG. 4. Temperature dependence of the LTE of the
Hos(Si,Ge,_,)4 samples, with x=0, 0.25, 0.75, and 1, in the tem-
perature range of 10-300 K. Inset: MS upon pulsed magnetic fields
in the vicinity of the LTE anomaly for HosGe, and HosSiy at
T=5 K and T=75 K, respectively.
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FIG. 5. ZFC-FC magnetization curves of (a) HosGey measured
with a 30 Oe applied magnetic field and (b) HosSi, with a magnetic
field of 100 Oe in the temperature range of 5-200 K.

compounds, with a field induced structural transformation to
a high field O(I) phase.'?

For the x=0.25 and 0.75 compounds, the temperature de-
pendence of LTE follows a typical Gruneisen law showing
no structural transition, but the HosSi, compound exhibits a
small kink at T-=71 K, which could be related to lattice
instabilities induced by the ferromagnetic ordering that is
similar to a comparable anomaly found in ErsSi, upon high
pressure.*” The MS measurement plotted in the inset of Fig.
4 points to the absence of any structural transformation as-
sociated with the magnetic transition.

C. Magnetization

Magnetic characterization of the Hos(Si,Ge,_,)4 system is
illustrated in Figs. 5-8. Zero-field-cooling (ZFC) and field-
cooling (FC) magnetization experiments in all the samples
studied are plotted in Figs. 5-7, whereas magnetization iso-
therms at 5 K up to 50 kOe are pictured in Fig. 8.
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FIG. 6. ZFC-FC magnetization curves of (a) Hos(Sig g75Geg 125)4
measured with a 30 Oe applied magnetic field and (b)
Hos(Sij 75Geg 25)4 with a magnetic field of 100 Oe in the tempera-

ture range of 5-300 K.
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FIG. 7. ZFC-FC magnetization curves of (a) Hos(SiysGegs)s
measured with a 100 Oe applied magnetic field and (b)
Hos(Sig »5Ge 75)4 with a magnetic field of 30 Oe in the temperature
range of 5-300 K.

In Fig. 5(a), the temperature dependence of the magneti-
zation measured with H=30 Oe for HosGe, is presented.
This picture shows that the HosGe, compound is in the AFM
magnetic phase at low temperatures, confirming the previous
work of Holtzberg et al.3> A sharp peak at Ty=25 K is ob-
served without any hysteresis, confirming the second order
nature of the transition. A shoulder at lower temperature
T¢r=18 K is attributed to a spin reorientation transition and
is in agreement with Ref. 33.

Above Ty, the reciprocal susceptibility shows a typical
Curie—Weiss behavior ( X_] = T_T(:)P, where C. is the Curie con-
stant), allowing us to obtain a Curie-Weiss temperature of
Op,=21 K and an effective paramagnetic moment per Ho ion
of wrr=8.9up. This value is rather low when compared to
the expected theoretical value for the paramagnetic Ho’* free
ion (pepr=10.07wp).

Figure 5(b) displays the magnetization (M) of HosSi, in
the 5-300 K temperature range in an applied magnetic field
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FIG. 8. Magnetization isotherms of HosSiy, Hos(Sip75Geg 25) 4,
Hos(Sig 5Gey 5)4, and HosGe,4 compounds measured at 10 K in mag-
netic fields up to 50 kOe.
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of H=100 Oe. A ferromagneticlike order is seen at low tem-
peratures with a Curie temperature 7.=77 K. No thermal
hysteresis was observed between heating and cooling curves,
as characteristic of second order transitions.

A secondary shoulder is found at Tz~ 17 K, which can
be associated with a spin reorientation transition that is simi-
lar to the one found in the TbsSiy compound.'® These tran-
sitions are usually a consequence of the large magnetocrys-
talline anisotropy present in some rare earth ions and can be
observed from the ZFC and FC differences. Above T, the
effective paramagnetic moment obtained is ,;r~ 10.0up,
which is in good agreement with the expected theoretical
value.

We measured the temperature dependence of magnetiza-
tion of the Hos(Siyg75Gegas)sa [Fig.  6(a)] and
Hos(Sio75Geg25)4 [Fig. 6(b)] compounds with applied mag-
netic fields H=30 Oe and H=100 Oe, respectively. At low
temperatures, ferromagnetic orders are seen with Curie tem-
peratures T¢-=58 K and T-=49 K for x=0.8 and 0.75, re-
spectively. Again, no thermal hysteresis is observed near T,
revealing the second order nature of the magnetic transition.
A shoulder in M(T) is also observed at Tgz~15 K and
Tsr~ 18 K (for x=0.8 and 0.75, respectively), which is at-
tributed to a spin reorientation transition, as observed for
HosSiy. By using the Curie-Weiss law and our data in the
paramagnetic region, we obtain the following results: ©p
=339 K and w,=99uz and ©p=327 K and pu.
=10.1pp, for Hos(Sipg75Geq.125)4 and Hos(Sig75Geg 2s)4, re-
spectively.

The M(T) measurements, which are presented in Fig. 7
for the compounds with concentrations x=0.25 and x=0.5,
reveal that both are in the AFM phase at low temperatures
with transition temperatures 7,=30 and 31 K, respectively,
thus confirming previous results for the x=0.5 compound.’*

By using the ! value obtained in the paramagnetic state,
we calculate w,;=11.3ug and w,;=10.2u5 for the x=0.5
and x=0.25 compounds, respectively. The low positive value
of the Curie temperature ® =15 K suggests the existence of
weak FM interactions between the adjacent Ho ion, which is
similar to those found in Gd, Tb, and Er
compounds.®!%13:1516 Tn Fig. 8, we represent isotherm mag-
netization measurements at 7=10 K for the compounds with
x=0, 0.5, 0.75, and 1, displaying a complex magnetic behav-
ior. For the AFM samples, a drastic increase in magnetization
is observed, suggesting a magnetic transition from an AFM
to a FM. This transition occurs at critical field (H), which
decreases with the increase in Si concentraction (from
He=14 kOe for x=0 and until H-=12.6 kOe for x=0.5).
This behavior was seen in similar compounds (e.g., in
GdsGey).'? For compounds with x=1 and 0.75, we observed
a normal FM behavior with a clear saturation. From these
results, we obtain a saturation magnetic moment og=8.9up
and 7.8 up for x=1 and 0.75, which is close to the theoretical
value of 0¢=9.0u; (gJ). The AFM samples have much
smaller values of 6.7up and 6.5up for x=0.5 and x=0, re-
spectively.

Te, Ty, TsR, pops 0, and O p, which are obtained for all
the studied compounds, are summarized in Table III.

PHYSICAL REVIEW B 77, 134404 (2008)

TABLE III. Magnetic data for the Hos(Si,Ge;_,), System.

Tc Ty Tsp Meff O Op
x (K) (K) (K) (mp) (mp) (K)
0 25 18 8.9 6.5 21
0.25 30 15 10.2 6.5 15
0.5 31 15 11.3 6.6 15
0.75 49 18 10.1 7.8 32.7
0.875 57 15 9.9 8.4 33.9
1 77 17 10.0 8.9 40

D. Magnetic-structural phase diagram

Based on the experimental results presented so far, we
propose a magnetic and crystallographic composition-
temperature (x-T) phase diagram of the Hos(Si,Ge;_,), sys-
tem, which is displayed in Fig. 9. At room temperature, all
compounds are PM and three distinct crystal phases are ob-
served as a function of the composition [i.e., O(I), M, and
O(D)], which is similar to the cases of Gds(Si,Ge,_,)s and
Tbs(sixGel_x)4.10’27

The compounds with x=0.5 present an O(Il) structural
phase undergoing an AFM ordering at Ty ranging from 25 K
(x=0) to 30 K (x=0.5). An order-order transition is observed
in these compounds that might correspond to a change be-
tween two AFM states (from AFMI1 to AFM2) around
Tg¢r~ 15 K due to a change on the easy magnetization axis.

The M phase sets in the composition range
0.75=x=0.875, while for x>0.875, an O(I) crystallo-
graphic phase is found. For all these compounds, a PM-FM
transition is observed at 7 increasing nearly linearly from
49 K (x=0.75) to 77 K (x=1) at a rate of dT-/dx~95 K. In
this composition range, a pure spin reorientation transition is
also observed at Tgp~ 18 K, changing from FM1 to FM2,
due to a variation of the easy magnetization direction pro-
moted by the large magnetocrystalline anisotropy of the Ho
ion.

Furthermore, this magnetostructural phase diagram fol-
lows the Gd, Tb, and Dy features, which show a regular
increase in the stability window of the SmsGe,-type [O(1T)]

100 :
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FIG. 9. Magnetic and crystallographic x-7 phase diagram of
Hos(Si,Ge;_,), in the temperature range of 5-100 K.
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structure along the Periodic Table period,*' privileging the
AFM order phase at low temperatures. Most likely, this is
due to single-ion anisotropy which prevents long range FM
ordering to occur despite a positive Curie—Weiss tempera-
ture. Within this picture, the AFM order results from com-
peting FM interactions and anisotropy, giving rise to spiral or
conical AFM magnetic structures, which are also character-
istic for Tb, Dy, and Ho rare elements.*

Our results also confirm that the crystallographic transfor-
mations that are observed in the Gd and Tb compounds,
which accompany the magnetic transitions and are respon-
sible for the large MCE observed in these compounds, are
not present in Hos(Si,Ge,_,),.51%15:16

However, the compound HosGe, has shown a small but
significant anomaly in the low temperature LTE, which is
similar to other singular 5:4 compounds such as
GdsGe,, 34943 that might indicate the possibility of inducing
a complete structural transformation by changing other ex-
ternal parameters such as magnetic field or hydrostatic pres-
sure, and subsequently, a promising high MCE at low tem-
peratures.

IV. CONCLUSIONS

In summary, we have carried out a detailed study of the
crystallographic ~and  magnetic  properties of  the
Hos(Si,Ge,_,), system. Selected compositions clarify that
the phase diagram presents three different structure types at
300 K depending on Si concentration. The magnetic proper-
ties allowed us to complete the phase diagram (Fig. 9) where
no structural transition is observed in the 5-300 K range. The
compounds having an O(II) structure (0 <x=0.5) at 300 K
are in the PM phase, and for a critical temperature 7, be-
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tween 25 and 30 K, a second order PM-AFM transition oc-
curs. Between x=0.75 and x=0.875, a purely monoclinic
structure is found, which sets below 7. The silicide com-
pound crystallizes in the HosSi, structure having a magnetic
transition at HosSi4, changing to a FM magnetic phase. A
second magnetic transition (order-order) is observed at low
temperatures in all compounds corresponding to a spin reori-
entation transition, which is similar to what occurs in the
Tbs(Si,Ge,_,), system'® and also in the HosGe, system.
However, macroscopically, the appearance of these anoma-
lies in (GdsSi,Ge,-M) data can be enhanced by the precipi-
tates of the spurious phase [Hos(Si,Ge);, Ho(Si,Ge)] ob-
served by our x-ray and SEM data. To confirm the real nature
of the spin reorientation transition and the magnetic structure
of Hos(Si,Ge,_,), in all compounds, further investigation is
in progress, namely, neutron diffraction.
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