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Magnetic anomaliesin GdgCo0167Si3 and ThgCo0y67Si3
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The compounds, GGo, 67Siz and TRCo, 67Sis, recently reported to form in a §M,Sis-derived
hexagonal structure (space grolg8s/m) and to order magnetically below 295 and 190 K
respectively, have been investigated by detailedneization (M) studies in the temperature
interval 1.8-330 K as a function of magnetic fi¢ht). The points of emphasis are: We observe
multiple steps in the M(H) curve for the Tb compduwst 1.8K while increasing H, but these
steps do not appear in the reverse cycle of H.ighdr temperatures, such steps are absent.
However, this ‘staircase’ behavior of M(H) is nobserved for the Gd compound at any
temperature and the isothermal magnetizationoishgsteretic unlike in Tb compound. From
the M(H) data measured at close intervals of teatpez, we have derived isothermal entropy
change 4S) and it is found thanS follows a theoretically predictec?ftdependence.

PACS numbers: 75.30kz, 75.50.-y, 75.40.Cx, 75lg7.
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1. Introduction

Recently, the family of non-stoichiometric composn&Co, ¢:Sis (R= Rare-earth), has
been reported to form [1, 2] with a hexagonal stmec derived from CgNi,Si; (Space group:
P6s/m). The crystallographic details have been preskem great detail in the recent literature
[1-5]. In this crystal structure, there are tweesitfor R, while Co has 3 sites. This structure
consists of chains made up of trigonal prisms attéins sharing a face. It appears that there is a
strain in the lattice, resulting in a smedéxis, and the partial occupation of one of thes@@es is
presumably a manifestation of this strain. In thiscle, we focus our attention on Gd and Tb
analogues, which have been found to order magitigtiselow 295 and 190 K respectively [1,
4]. This investigation is a continuation of oureat work [6] on hexagonal G@os, the crystal
structure of which is closely related [4] to thattlee family under discussion. Following initial
reports on the complex magnetic behavior of these ¢compounds [1, 4], we considered it
important to probe magnetization (M) behavior inafleas a function of temperature (T) and
magnetic-field (H). We find that the features ie thcinity of the onset of magnetic ordering are
sensitive to initial applications of field. The neteworthy finding is that, at 1.8 K, there are
multiple steps in the isothermal M data of Tb coomnuiy whereas for a marginal increase of
temperature, such a staircase-like behavior israpakso, the Gd compound does not show such
an anomaly. Since we measured isothermal M at aktenperatures, we have also looked at
the magnetocaloric effect (MCE) considering cuoirn@terests to look for materials exhibiting
large MCE in different temperature ranges and tk Ifor a relationship between MCE and H.
We would like to mention that, at the time of wrdithis article, we came to know of another
article [5] on MCE behavior of the Gd compound, theults of which are in good agreement
with that of ours.

2. Experimental details

The samples in the polycrystalline form have beegpared by arc melting together
stoichiometric amounts of high purity (>99.9 wt #gnstituent elements in an atmosphere of
argon. The weight loss after several melting wagigile. The ingots were annealed at 1073 K
for 1 month in an evacuated sealed quartz tube. Sdmples were characterized by x-ray
diffraction (Cu Ka) and patterns revealed the formation of the comgsufor the Tb compound,
however, there are a few weak extra lines (ab®uiriensity) as shown by asterisk in figure 1
attributable to TEBis, as known in the literature [1]. The dc M(T) (I8-300 K) behavior was
measured with a commercial (Quantum Design) SQui&gnetometer in the presence of
different fields for the zero-field-cooled (ZFCpi 330 K for Gd sample, and from 250 K for
Tb sample) and field-cooled (FC) conditions of specimens in the form of ingots; in addition,
isothermal M behavior at several temperatures performed up to 70 kOe for the ZFC
condition with the same instrument. For the Tb casehave extended M(H) measurements to
higher fields (120 kOe) with a vibrating sample meipmeter (VSM) (Oxford Instruments). In
addition, for the Tb compound, we have measuresgusceptibility ) with four different
frequencies and ac field of 1 Oe to look for pbkesspin-glass features.

3. Results and discussion

M(T) curves obtained in various fields are shown figures 2 and 3 for these
compounds. There is a distinct evidence for theeboEmagnetic ordering near 300 K and 200
K for Gd and Tb compounds respectively. It is tone¢ed that, for the Gd sample, the jump in
the magnetization is quite sharp and there is akvwemk at the magnetic transition, if the



magnetization is measured in very low fields (de=durve for H= 50 in the inset of figure 2).
Well below the magnetic transition temperature, thkie of M is nearly constant. We do not
find any bifurcation of ZFC and FC curves for thmmpound. The feature at the transition point
is sharp for Tb sample as well at low fields (seare 3). However, the ZFC-curves bifurcate
presumably due to domain wall pinning effects, mfteported (see, for instance, Ref. 7) in the
literature for materials with long range magnetides (but such an effect is absent for the Gd
case as inferred from the data discussed above)bifilircation temperatures (for Tb sample) are
about 180 K and 30 K for H= 100 Oe and 5 kOe respady; as noted in Ref. 1, it appears that
there is another feature around 20-40 K in the fofra drop in the ZFC-curves. It is not clear
whether this temperature range marks the onsehifldy metastable state, the magnetization of
which is sensitive to the history of measurements. order to address whether the ZFC-+C
irreversibility for the Tb case arises from spiagg behavior, we have performed ac
measurements with 1.3, 13, 133 and 1333 Hz andidvaal find any frequency dependence of
the features thereby ruling out spin-glass freenintpe temperature range of investigation; there
are peaks near 120, 170 and 183 K, as though ithen®re than one magnetic transition (see
figure 3 for a typical curve). There appears tocberesponding features in the ZFC-curves,
though broad, at 120 and 170 K for low dc fieldsthe dcy data. One can not rule out the
possibility that the weak 120K-transition arisesnirthe TBSi; secondary phase (and possibly
from traces of TbCoSi) ordering magneticallythat range [8, 9]. (On the basis of M(H) data
discussed below, we infer that there is an antifeergnetic component in zero-field, though the
observation of hysteretic M(H) behavior, howeveralwdt may be at higher temperatures,
implies that the net magnetic structure is ferrimetgg, as inferred in Ref. 1). With respect to
paramagnetic data, we could not look for the CWigiss region for the Gd sample, as the
magnetic transition is near the extreme high teatpee limit of our magnetization
measurements. For Tbh sample, magnetic susceptifollows Curie-Weiss behavior above 205
K as shown in the inset of figure 3 and the paramtg Curie temperature is about 195 K; the
effective moment obtained from the linear regiorn-i9.62ug/Th, which is close to the value
expected for free trivalent Th ions within the lisnof experimental error (Oydg).

In figures 4, we show the isothermal magnetizabehavior measured at close intervals
of temperature for the Gd compound. For the Ge,chere is a deviation from linearity at high
fields in the paramagnetic state, attributable horisrange correlations. In the magnetically
ordered state, after an initial rise (till abouk®e), M tends towards saturation at higher fields
with a very weak gradual increase beyond 5 kOe.cIineges for this compound are featureless at
high fields (and hence not shown in figure 4 bey@ddkOe). The value of the saturation
moment obtained by extrapolation of the high-fidida to zero field is about 6.3/Gd at 5 K
which is less than the free ion value ofigGd. While, if Ref. 4, a higher value of about 6.8
us/Gd has been reported, our value is the same asrnhanother recent report [10] which
appeared in print after submission of this artiie publication. Therefore, we conclude that
there is an induced moment on Co, coupled antiearta that of Gd moment and/or canted
antiferromagnetismlhe M(H) curves are not found to be hysteretictiier Gd compound. These
findings, in broad agreement with Refs. 4 and Flynthat this compound can be classified as a
soft ferrimagnet.

For the Tb sample, the curves (see figure 5) asengmlly linear in the paramagnetic
state (as expected). The behavior in the magniticatiered state is complex. There is an
irreversibility of M(H) curves, the degree of whichgradually increases with decreasing
temperature as illustrated in figure 6 for 80 & K. The fact that there is a hysteresis loop,



however weak it may be, even at 80 K implies thatd is a ferromagnetic component even at
this temperature. The value of the coercive fisldmall (~200 Oe), say at 80 K, and it increases
with decreasing temperature, say, to about 8 kOg Kt Above 20 K (in the magnetically
ordered state), there is a sharp rise of M at lmM$ (see the curve for 80 K in figure 6)
followed by a tendency towards saturation at highelds as though there is a strong
ferromagnetic component. Below 20 K, in the zesddfi(virgin) state, there is a knee near zero
field (see 5K-curve in figure 6). Possible presentean antiferromagnetic component at all
temperatures is supported by a weak gradual inered! even at high fields (see figure 5)
without any evidence for saturation. The valuetled extrapolated saturation moment is (5
us/Th) at 1.8 K, obtained by linear extrapolationttud high field data to zero field, is much less
than that of fully degenerate trivalent Tb i ug). Though, for Tb, crystal-field effect also
contributes to a reduction of the saturation momeonsidering similarities with the Gd
compound, we believe that a part of the reductionextrapolated saturation moment is
attributable to an antiferromagnetic componenthdtrefore appears that these compounds may
be described as ferrimagnets. Careful neutrortadifbn studies (which is possible for Tb
compound) is urgently warranted to understand timepdex magnetic structure.

The most fascinating finding which we are stressimghis article is that there are
multiple steps in the M(H) curve at 1.8 K for Thrgale: If the sample is cooled very fast (within
a few minutes) from 300 K to 1.8 K, there are thsesps (near 6.2, 17.8, and 52 kOe in the
specimen employed here) in the virgin curve indhta collected with VSM with a field-sweep
rate of 4 kOe/min (figure 6). These steps doapgear when the field is reversed to zero, which
we attribute to a ‘supercooling’ effect resultimga phase-coexistence phenomenon at zero field
after this field-cycling, as discussed in detaily instance, for Gge, [Ref. 11] and NgRhg
[Ref. 12]. Further experiments are required, howewdether such a supercooling arises from
magnetostructural effects or it is purely magneaticorigin. If the current to the magnet is
reversed, two steps appear at -14.2 and -42.5 Hese steps vanish in the forward cycle when
the field is reduced towards zero, but when thie femters positive quadrant, these reappear at
14.5 and 42.5 kOe. Interestingly, the transiti@hdfivalues are found to be marginally specimen-
dependent, which we believe arises from partialupaacy of one of the Co sites, thereby
resulting local environmental effects. We have alsted that, if the cooling rate is slow, these
transitions in the virgin curve tend to broademikir to that seen for NRhs [Ref. 12]. In
addition, we have probed the behavior of thesesstgp measurements with the SQUID
magnetometer and we find that the transitionsiioat marginally higher fields (shifted by
about 5 kOe) when compared to those obtained wBMVThe SQUID magnetometer measures
magnetization after the stabilizing the field apaticular value (that is, the field-stable mode
rather than field-sweep mode). Thus, it appearstkhigaexperimental conditions have a profound
influence on these transitions in M(H). Thus, tliempound exhibits interesting multiple
metamagnetic transitions at 1.8 K. The hysterasisvior at 1.8 K is distinctly different from
that at a marginally higher temperature, say 5Sakd the irreversibility is observed even at
fields as high as 80 kOe. There is a knee irvitggn curve in the M(H) curve, say, below 5 K,
at low fields, which we attribute to the graduahdonance of an antiferromagnetic component
and associated field-induced spin re-orientatidect$, with decreasing temperature.

We have derived information about the MCE behaviom the isothermal M data,
employing its relationship with isothermal entroplyange AS) through Maxwell’s equation
[13]. The results of AS thus obtained are shown in figures 7 and 8 fear&tion of the field
from zero to a desired value. The values are maxinat the respective magnetic ordering



temperatures. Since the magnetic ordering setsear 800 K for Gd compound, it is quite
tempting to compare the value with that of Gd fotemtial applications, particularly noting that
the isothermal magnetization curves are not hystei@ the Gd compound — a strongly desired
factor for applications [14]. The value, say for B'to 50 kOe, at the peak is close to half (about
-6.5 J/mol-K or -42 mJ/cc-K) of that for Gd metal{ mJ/ccK, Ref. 13). For the Tb sample, the
value at the peak is about -5.4 J/mol-K (in othards, -37 mJ/ccK), which is much lower
compared to that (-210 mJ/ccK) of Lake&i; 3 ordering magnetically nearly at the same
temperature. The refrigeration capacity (RC), dafims in Ref. 13, is found to be about 62 and
70 mJ/cc-kOe for the Gd and Tbh compounds respaygtiand these values are not negligible,
considering that the corresponding values [13]Gadr metal and Lake7Si; 3 are 110 and 93
mJ/cc-kOe. Our results on the Gd compound agrete guell with Ref. 10, which appeared in
print after this article was communicated for poétion. The negative sign afS implies [13]
that there is a dominating ferromagnetic compomeihigh fields, at least above 20 K. However,
there is a sign reversal in th& data for Tbh sample below 20 K with a significardgnitude at
lower temperatures, the origin of which is not clgaossibly, this arises from a dominating
antiferromagnetic component (arising from ferrimeiggm) persisting even at high fields and/or
a small thermal/field cycling effects below thisnjgerature can possibly have a profound effect
on the M data at low temperatures. It is also kntivatAS derived from magnetization in a non-
equilibrium state [15] may not be reliable andsipibssible that this temperature marks the onset
of such a non-equilibrium state.

It is now recognized theoretically [16, 17] thaérd is a relationship betwedis andH.
For instance, for magnetic materials with secordeophase transition [17}S= - kM(O)H?"-
S(0,0),where h is the reduced field (given bygusH/ksTc). k is a constant an®lg(0) is the
saturation magnetization at low temperatures. I8elata of many materials were fitted to this
equation successfully, but the value $0,0) ranges from -0.2 to -1.06/kgK, the physical
significance of which is not yet clear. We haver#iore analysed the peak values& as a
function of h*® and plottedin the insets of figure 7 and 8. To enable a sttégward
comparison with Ref.17, in the insets, we presiin the units of J/kgK. It is found that there
is a small deviation at low values for the Tb case as in Ref.17, but the igl@xceptionally
linear for the Gd compound. The values#,0) and the coefficient ¢f term for the Gd (Tb)
compound are found to be -0.3 (-1.25 ) and -120)(3%gK very close to the values reported in
table 1 of Ref. 13. The corresponding valuek affe about 0.6 and 0.46 respectively.

4. Summary
The magnetization behavior of the compoundssCG8ds/Sis and TRCo, 67Si;, ordering

magnetically below about 300 K and 190 K has begtematically studied. The magnetic
behaviors of these two compounds are found to laditgtively different. The most notable of
all the findings reported here is that, while irasig the magnetic field, we observe multiple
steps in the isothermal magnetization for the Tinda, that too at 1.8 K only; these steps are
not observed when the field is reversed to zem terefore this finding may have some
relevance to the concept of ‘super-cooling’ anda'gd co-existence’ following first order
transitions [see, for instance, Refs. 11 and l@ghSeatures are absent for the Gd compound.
There is no hysteresis in the isothermal magnédizaif the Gd compound, whereas, in the Tb
compound, hysteresis loops are found at all tenpers, though these loops become smaller
with increasing temperature. These compounds exhimdest magnetocaloric effect at



respective magnetic ordering temperatures andfiitad that MCE varies essentially ad*H
rendering a support to the theory of Ref. 17.
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Figurel:
(color online) X-ray diffraction patterns for @do; 6:Sis and TRCo, 6/Si;. Weak extra lines

marked by asterisks are attributable tgSip
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Figure 2:
(color online) Magnetization divided by magnetieldi as a function of temperature, measured in
the presence of various fields for &, ¢;Sis, for the zero-field-cooled (points) and field-ced|
(lines) conditions of the specimen. In the inske¢, tata for H= 50 Oe is shown in an expanded
form in the vicinity of the onset of magnetic trdim for Gd sample.
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Figure 3:
(color online) Magnetization divided by magnetieldi as a function of temperature, measured in
the presence of various fields for ¢Om; ¢/Si3, for the zero-field-cooled and field-cooled
conditions of the specimen. Ac susceptibility dateasured with a frequency of 13 Hz is also
plotted. In the inset, inverse susceptibility istfdd and a line through the Curie-Weiss region is
drawn.
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Figure 4:

(color online) Isothermal magnetization behaviorsawveral temperatures for the zero-field-
cooled condition of the specimen, &, s;Sis. The curves are non-hysteretic. While for 318 K,
the data points are shown, for others, the lindyg @ shown for the sake of clarity.
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Figure 5:

(color online) Isothermal magnetization behaviargw curves) at several temperatures for the
zero-field-cooled condition of the specimens,¢dty s/Sis, while increasing the field. The
temperatures mentioned outside the figure arehbbttom portion of the figure.
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Figure 6:

(color online) Magnetic hysteresis loops forsTh, 6:Sis at 1.8 K, 5 K, and 80 K for the zero-
field-cooled condition of the specimen measuredhwibrating sample magnetometer with field-
sweep mode. Vertical arrows for T= 1.8 K mark thagmetic fields at which discontinuous



changes in magnetization are observed. Other aramgsnumericals.(1, 2, 3) placed near the
curves show the direction in which the field is mhed.
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Figure 7:

(color online) Isothermal entropy change (a meastirmagnetocaloric effect) for selected final
magnetic fields (from the initial field of 0 Oe) adunction of temperature for @do; ¢/Sis. A

line is drawn through the data points and a vdrlica is drawn to show the curves
corresponding to final fields. In the inset, thensadata (in different units) is plotted to show a
functional dependence on magnetic field as destitbéhe text and the line shows the linear
region.
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Figure 8:

(color online) Magnetocaloric data for g0, 67Sisz as in figure caption 7.
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