Observation of independent iron and rare-earth ordering
in RFegGeg (R=Y, Gd—Lu) compounds
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Mossbauer and magnetization measurements have been used to study magnetic orderig@en RFe
alloys. The iron sublattice orders antiferromagnetically @agdemains essentially constant across

the series at-480 K with no evidence of a net magnetization in any of the alloys.R=eGd—Er,

the rare-earth sublattice orders ferromagnetically Witls that descend from 30 K at Gd 8 K at

Er. This order is established without affecting the order on the iron sublattice. The large difference
in ordering temperatures and the unrelated magnetic structures adopted by the two sublattices
indicate that the iron and rare-earth moments are effectively isolated from each other and that they
order independently. €1996 American Institute of Physids$0021-897@6)13008-3

INTRODUCTION agonal P6/mmm structure found also in the Yb and Lu al-

. loys.

Earlier work on RFgGe; alloys has shown that they or- Mossbauer spectra were obtained at room temperature in
der antlfer_romag_n_encally below about 480 K, and tﬁ@t transmission geometry on a conventional constant-
(Ref. 1) is insensitive to the rare-earth element present in the, . .a|eration drive usina 1 GBGP’CoRh source. The instru-
alloy. Furthermore, the hyperfine field at the iron si@g.  ont was calibrated with a natural iron foil and all isomer
does not change when Gd or Tb is substituted¥onor is  gpifg are given relative to that standard. 60—80 mg samples

any net magnetization  observed _following these,yere hand ground and dispersed in graphite. Resonant ab-
substitutiong. These results suggest that either the rare-eartgorptionS of 7%—10% were obtained

sublattice also orders antiferromagnetically, or that it does Thermogravimetric analysis was carried out on a

not order at all. Perkin—Elmer TGA-7 in a small field gradient to look for

In order to investigate this alloy series in more detail, Weg,;ijence of ferromagnetic or ferrimagnetic ordering. The
have extended our previous stédg include all of the heavy —\qq temperatures of the alloys were measured on a Perkin—

rare earths. We have used Bbauer spectroscopy to probe, Elmer DSC-7, using the heat capacity peakTat as the

the effects of the rare-earth substitutions on a micrOSCOpigignature of ordering. Both systems were calibrated using

scale, and low-temperature susceptibility and magnetizatio@iangarg alumel and nickel samples. A LakeShore suscepti-
measurements, to look for evidence of magnetic order at thSiIity system with a closed-cycle refrigerator was used to

rare-earth sites. recordy,.vs T down to 12 K. Magnetization measurements
were carried out on a Quantum Design SQUID down to 2 K
in fields of upto 5 T.

EXPERIMENTAL METHODS

. . . RESULTS AND DISCUSSION
The alloys were prepared by arc-melting stoichiometric

ratios of the pure element&e: 99.95%, Ge: 99.999%, and The room temperature Msbauer spectra of the an-
rare-earths: 99.9% purender Ti-gettered argon to yietd2 nealed samplegFig. 1) show a magnetically ordered, six-
g ingots. To allow for the inevitable loss of Tm and Yb by line pattern with a splitting of-15 T, half that found inx-Fe,
evaporation during arc melting, excess Tfa0% and Yb  suggesting an iron moment of aboutu} . There is no evi-
(25%) was added to the starting mixture. Room temperaturglence of either magnetic or nonmagnetic contaminants.
Mossbauer spectroscopy showed both the magnetic pattefhermogravimetric analysi$sTGA) measurements showed
of the 1-6—6phase with typically a 10%—20% contamina- no sign of either ferromagnetic or ferrimagnetic order be-
tion from the nonmagnetic, tetragonat-2—2 phase® An-  tween 300 and 600 K. Given the obvious magnetic order on
nealing at 900 °C for two weeks sealed under vacuum irthe iron sites observed by Msbauer spectroscopy, we con-
quartz tubes yielded single-phase@l-6alloys. clude, as beforé? that the ordering in all of these alloys is
Powder x-ray diffraction patterns were obtained usingantiferromagnetic. The Mgsbauer parameters for the alloys
Cu-K, radiation on an automated Nicolet—Stoe diffracto-studied here are summarized in Fig. 2. The three crystal
meter. The structures of the annealed alloys were found to bgfructures adopted by the alloys in this series are closely
in agreement with those reported by Venturatial,! with related and is it clear from the absence of any jumps in the
the exception of the Gd alloy where we found no evidencehyperfine parameters that the local environment of the iron
for the superlattice structure and Pnma space group they réemains essentially unchanged as the structure passes from
ported. Our GdFRgSe; alloy showed the much simpler hex- Cmcm(Y—Ho) through Immm(Er,Tm) to P6/mmm(Yb,Lu).
Furthermore, the easy axis of magnetization must remain in
30n leave from Centre for the Physics of Materials and Department ofthe basal plane at room temperature in all of the alloys since

Physics, McGill University, 3600 University St, Montreal, Quebec, the quadrupole splitting is essentially constant across the se-
Canada. ries.
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FIG. 1. Room temperature Msbauer spectra of the annealed [&a . . .
alloys. Solid lines are fits assuming a single, magnetically ordered iron sitefare-earth ordering down to 90 K. One possible explanation

for this behavior could lie in the magnetic structure of the
iron sublattice. The ordered state of the binary FeGe com-
The most surprising feature of this system is the fact thapound, from which the 466 alloys studied here are de-
both the hyperfine field at the iron nucle(B, Fig. 2 and  rived, consists of ferromagnetic Fe planes coupled antiferro-
Ty (Fig. 3 are essentially independent of the rare-earthmagnetically to each othé&r.The 1-6-6 structures are
present. Apart from a gradual decline By (5%) and Ty, formed by placing rare-earth atoms between the iron planes,
(2%) there appears to be no significant change in the magand if the magnetic structure of the parent FeGe compound is
netic properties on going from Gd to Lu. These results sugretained, there could be a net cancellation of the Fe—R ex-
gest that the rare-earth sublattice does not order with the iroghange at the rare-earth sites, effectively isolating them from
at 480 K, furthermore, an earlier stidipund no evidence of the ordering of the iron moments. Since the rare-earth mo-
ments do order in RE&e, where the iron atoms carry no
moment it seems reasonable to expect order to develop on
the rare-earth sublattice at low enough temperatures. Figure

+Y Gd Tb Dy Ho Er Tm Yb Luf

15’6_ | 3 shows paramagnetic ordering temperatués derived
Siasle . — from Curie—Weiss fits toy,. data measured down to 12 K.
- L ° . _ Except for the case of Gdf®e;, all of the extrapolated
=14.0F a ordering temperatures lie below the limit of the closed-cycle

- 4 refrigerator, while the value for the Tm alloy is in fact

13.21 5 slightly negative 8, scales approximately with the deGennes

%< g0} . factor for the rare-earths, except for the case of the Tb alloy,
2 a5t _ where 6, is too low.

% 3oL * # } + | Our data for GdFg5e; suggest that it orders ferromag-
E t } \\ netically at 30.5:0.2 K, giving a large susceptibility that
E T 1 saturates below .. This may not be the first observation of
@ 20 . ordering in GdFgGe;, as an earlier study of Gdi@s,

' showed a susceptibility feature close to this temperature in
?0'36: i an off-stoichiometry sample which may have contained some
E L 1 1-6-6 as aimpurity, although no details about phase purity
£0.34F AL T were giver® In order to confirm our view of the magnetic
- i 7 structure of the Gd compound, and to determine ordering
=032 I )l temperatures for some of the other alloys, we also carried out

0.30r 63 Tb Dy Ho Er Tm Yb Lu measurements on a SQUID magnetometer that could be op-

Rare Earth erated down to 2 K. Ordering temperatures, taken from the

kink in a plot of 1) vs T, are also shown on Fig. 3. These
FIG. 2. Summary of fitted hyperfine parameters at room temperature for algre in agreement with the values extrapo|ated from 12 K
of the F_%Fnge6 alloys stud!ed here. Error bars are derived from stat|s_t|ca| except in the case of the Ho alloy whose ordering tempera-
uncertainties. Values obtained from samples before and after annealing are ™ ! . .
shown in several cases, and agree within error. Data on two Gd alloys aféll® IS somewhat higher than expected. The magnetization at

included as a consistency check. 2 K, converted toug per formula unit, is shown in Fig. 4
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romagnetic ordering of the iron sublattice B{~480 K, is
101 ° ° 1 unaffected by changes to the rare-earth element present. Fur-
- ° o thermore, the rare-earth sublattice orders ferromagnetically
L . i at much lower temperatures, ranging from 30 K for the Gd
. alloy, to 3 K in thecase of Er, without affecting the order on

the iron sublattice. The difference in ordering temperature
. ) between the iron and rare-earth sublattices, which is never
6d To Dy Ho Er less than a factor of 10, coupled with the unrelated magnetic
structures adopted, indicates that the two magnetic species
order independently, and that the Fe—R exchange is essen-

FIG. 4. Ordered moment per formula unit at 2($6lid symboly compared  tially zero.
with gJ for the corresponding free iofopen symbols for the RFgGe;
alloys that ordered above 2 K.
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