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The compounds Gd3-xYxCo29Ge4B10 (x¼ 0, 0.5, 1.0, 1.5, and 3.0), Gd3Co29Al4B10, and

Gd3Co29Al4B10 were synthesized by arc melting, and their magnetic properties investigated as a

function of temperature and applied magnetic field. X-ray measurements showed primarily single-

phase samples with the tetragonal crystal structure P4/nmm. It was found that Gd3Co29Ge4B10

orders ferromagnetically at TC¼ 212 K and shows a compensation point at 128 K, indicating a

ferrimagnetic ordering of the Co and Gd moments. An entropy change of �DS¼ 0.5 J/kgK was

observed in a 5-T field at TC for this sample, while a change in sign for this quantity was observed

both at the maximum value of magnetization (around 200 K) and then again at the compensation

point. Substitution of Y for Gd in Gd3Co29Ge4B10 does not affect the Curie temperature, but shifts

the compensation point to lower temperatures. This indicates that a decrease in Gd concentration

does not affect the d-d exchange interaction, but has a pronounced effect on the f-d exchange

interaction. VC 2012 American Institute of Physics. [doi:10.1063/1.3677658]

I. INTRODUCTION

Recently, substantial work has been done on the struc-

tural properties of the new family of the stable rare-earth–

transition-metal compounds R3T29M4B10 (R¼ rare earth

(except Yb, Pm, and Eu), T¼Co, Ni, and M¼Si, Ge, Al).3,4

These samples crystallize in the P4/nmm tetragonal structure.

Much of the recent experimental and theoretical work has

explored the interesting and complex magnetic behavior of

these samples, focusing on the influence of various rare earths

on the magnetic properties of samples in the Si family of

compounds.1,2,4–6 These materials order with ferrimagnetic

coupling between the heavy rare-earth and cobalt lattices.7

Here we investigate the influence of substituting a non-

magnetic element, yttrium, on the rare-earth site.

II. EXPERIMENT

Compounds of Gd3-xYxCo29Ge4B10 (x¼ 0, 0.5, 1.0, 1.5,

and 3.0), Gd3Co29Al4B10 and La3Co29Ge4B10 were prepared

by arc melting appropriate amounts of Gd (99.9%), Y

(99.9%), La (99.9%), Co (99.5%), Ge (99.999%), Al

(99.999%), and B (99.5%) together in an argon atmosphere.

Samples were melted at least four times to ensure homogene-

ity. They were then wrapped in Ta foil and annealed at

900 �C in a vacuum for 4 days then cooled slowly to room

temperature.

X-ray diffraction measurements were performed at

room temperature using a GBC MMA powder x-ray diffrac-

tometer and Cu Ka radiation. Direct current magnetization

measurements were carried out in a superconducting quan-

tum interference device (SQUID) magnetometer over the

temperature rage of 5–400 K and in fields of up to 5 T.

III. RESULTS AND DISCUSSION

Figure 1 shows x-ray diffraction measurements for repre-

sentative samples in our system, indicating primarily single

phase compounds of the P4/nmm tetragonal structure. The lat-

tice parameters were evaluated from the x-ray diffraction pat-

terns using Rietveld profile fit. These are shown in Table I,

and match very well with previously published data on the

R3Co29M4B10 systems.3 This is a fairly complicated system

with two inequivalent rare-earth sites, 7 Co, 1 Ge or Al, and

four B sites, and leads to some interesting magnetic coupling

between the rare-earth and cobalt lattices. Because the radius

of the Y ion is very close to that of Gd, the size and geometry

of the lattice changes very little as Y is substituted for Gd.

Magnetization measurements, M(T), at low field (H¼ 100

Oe) show that Gd3Co29Ge4B10 orders ferrimagnetically at

TC¼ 212 K. Then, as the temperature is lowered, magnetiza-

tion decreases to a compensation point Tcomp¼ 128 K. There

is also a small peak in magnetization at Tpeak¼ 94 K. The Y

sample (x¼ 3.0) exhibits three magnetic transition tempera-

tures as the temperature is lowered, the first at TC¼ 189 K and

two smaller ferromagnetic-like transitions at T¼ 30 K and

T¼ 21 K. These transitions are not evident in Fig. 2, but show

up clearly as inflection points in the slope of M(T), and may

signal further magnetic transitions or spin reorientation proc-

esses in the sample. In addition, a small downturn in magnet-

ization was noted below about 13 K. Samples with Gd show a

small peak in magnetization close to 95 K, which is difficult to

see in the x¼ 0.5 sample, and is not evident at all in the Y or

Al (not shown here) samples. Figure 2 shows that in Gd3-xYx-

Co
29
Ge4B10 with x< 3, TC remains constant, the temperaturea)Electronic mail: phill@semo.edu.
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of the compensation point (Tcomp) decreases monotonically,

and the small peak in magnetization remains constant at about

95 K. This seems to indicate that the ordering at TC is the

result of an ordering of the Co moments, because it is not

affected by changes on the rare-earth lattice. The small peak at

95 K also appears to be to the result of a reorientation of a por-

tion of the Co moments. This peak is also observed in samples

of Gd3Co29Si4B10 at about 70 K,7 though it is not observed in

our Al sample.

The application of a magnetic field of 5 T shifts TC to a

higher temperature but does not affect Tcomp. The small peak

at 95 K is no longer evident. The value of the effective para-

magnetic moment (peff) as determined from the high tempera-

ture dependence of the inverse susceptibility for

Gd3Co29Ge4B10 was found to be 20.0 lB/f.u. Some of our

samples were either not linear in 1/v at high temperatures, or

we were unable to obtain data at temperatures sufficiently

above TC, so we were unable to obtain peff. for all samples.

Magnetization as a function of field (not shown here)

shows a similar ferromagnetic type of behavior for all com-

pounds, with the tendency to saturation at high fields. The Y

samples show much quicker saturation than the gadolinium

ones, and saturate at a higher value, evidence of the influence

of antiferromagnetic coupling between the rare-earth and

cobalt lattices. By comparing the values of magnetization for

Gd3Co29Ge4B10 and Gd2YCo29Ge4B10 at 5 T and 5 K, and

assuming that the entire difference is due to the substitution

of Y for Gd, we find that each Gd contributes 6.28 lB/Gd,

lower than that expected for the Gd3þ ion. Using this value

for the moment on Gd in Gd3Co29Ge4B10, we obtain a

moment of about 0.32 lB/Co, which is consistent with the

values of 0.5 lB/Co in La3Co29Si4B10 (Ref. 1) and 0.4 lB/Co

in Nd3Co29Si4B10 (Ref. 2) found from neutron diffraction

measurements.

In rare-earth–transition-metal compounds, there are con-

tributions to the magnetic order from the d-d, f-d, and f-f
exchange interactions. As far as TC is unaffected by the sub-

stitution of Y for the Gd, one can conclude that d-d interac-

tion is the major one in this system, consistent with the

theoretical investigations.5 Also, as the lattice expands with

the substitution of Al for Ge, the d-d overlap is reduced and

the Curie temperature is lowered.

The magnetocaloric effect, in terms of the isothermal

magnetic entropy change (DS), has been estimated by

employing Maxwell’s thermodynamic relation ð@S=@HÞT
¼ ð@M=@TÞH . The values of DS were obtained from the

magnetization isotherms, which were measured in fields up

to 5 T at several fixed temperatures. Figure 3(a) shows the

temperature dependence of the field-induced entropy change

of Gd3Co29Ge4B10 for several values of the maximum

applied field. Though the magnitude of DS is not large, an

interesting feature of this alloy is that there are two changes

of sign for DS over the temperature range. At high tempera-

ture, a peak in DS for all fields can be seen at 215 K, which

TABLE I. A summary of lattice constants and magnetic properties of Gd3-xYxCo29Ge4B10 and Gd3-xYxCo29Al4B10 samples. (Lattice constants were not calcu-

lated for all samples.)

Lattice constants

TC (K) Tcomp (K) Tpeak (K) M at 5 T, 5 K (lB/f.u.)a (Å) c (Å) c/a ratio

Gd3Co29Ge4B10 11.2094 7.8744 0.702 212 128 94 9.70

Gd2.5Y0.5Co29Ge4B10 - - 212 97 87 -

Gd2YCo29Ge4B10 11.2070 7.8740 0.703 211 40 95 3.42

Gd1.5Y1.5Co29Ge4B10 - - 212 None 96 -

Y3Co29Ge4B10 11.2053 7.8693 0.702 189 None 21 27.6

Gd3Co29Al4B10 11.2152 7.8731 0.702 182 128 121 10.70

Y3Co29Al4B10 11.2112 7.8717 0.702 136 None None -

FIG. 1. X-ray data of representative members of the Gd3Co29Ge4B10 family

of compounds showing the predominantly single-phase nature of our samples.

FIG. 2. Magnetization as a function of temperature for Gd3-xYxCo29Ge4B10

at H¼ 100 Oe.
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corresponds to TC. At 185 K, corresponding to the peak in

magnetization as a result of the compensation of the Co

moments by Gd as it begins to order, DS changes sign for the

first time. The peak in the negative portion of the graph

occurs at around 135 K, which corresponds to an inflection

point in the curve as the magnetization decreases toward

compensation. At the compensation point, Tcomp¼ 128 K,

DS once again changes sign, leading to a broad plateau-like

feature in the entropy curves at low temperature. It is an

interesting feature of these curves that because the compen-

sation temperature does not shift as a function of field, the

DS curves for all applied fields cross at the same point.

Figure 3(b) shows the field induced entropy change for

Gd2YCo29Ge4B10. Substituting Y for Gd in this compound

changes the magnitudes of DS, increasing the magnitudes of

the first two peaks, because of ordering of the cobalt and

then gadolinium moments, and decreasing the height and

range of the low temperature plateau. Changes in the sign of

DS move to lower temperatures and still correlate with the

same features in low-field magnetization as before.

IV. CONCLUSIONS

The new magnetic family investigated here, Gd3-x

YxCo29M4B10 (M¼Ge, Al) shows complex ferrimagnetic

ordering and interesting magnetocaloric behavior as a func-

tion of temperature. Substitution of Y for Gd does not

change the Curie temperature, but does shift the compensa-

tion point to lower temperatures. This indicates that the sub-

stitution of Y for Gd in these samples does not affect the d-d
exchange interaction, but has a pronounced effect on the f-d
exchange interaction. Even though the entropy change for

applied fields of 1–5 T is not large, it exhibits two changes

of sign as the temperature is lowered, as a result of the com-

pensation of the Gd and Co moments. Recent studies have

shown that quite a few combinations of the rare-earth, transi-

tion-metal, and metalloid atoms form stable compounds of

this structure;1 so by changing the constituents of this mate-

rial, it may be possible to increase the magnetic entropy

change and tune the transition temperatures to produce use-

ful magnetic materials.
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FIG. 3. Field-induced entropy change as a function of temperature at

selected values of the maximum applied field for (a) Gd3Co29Ge4B10, and

(b) Gd2YCo29Ge4B10.
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