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Relatively large(up to 250 mg single crystals of the intermetallic compound Y¥nSb;; have been
prepared by a flux-growth technique. The results of thermodynamic and transport measurements of these
samples are presented. The compound orders ferromagnetically at approximateédg+ 1 K, with a mag-
netization consistent with the assignment™i§3d*) and Y&+ (4f4). The Mn moments are local in nature,
with the full effective and saturated moment of the Hund'’s rule spin-only ground state. The electrical resistivity
has a metallic temperature dependence, with only a modest anisotropy. Room-temperature values of the
resistivity are relatively high for an intermetallic compound: 1630x) cm and 1256 130u() cm for
currents flowing approximately parallel and perpendicular tacthris, respectively. There is a distinct loss of
spin-disorder scattering in the resistivity B¢ . From the heat capacity, a rough estimation of the magnetic
entropy givesASy,~12.1 J/mol K, the value in reasonable agreement with the expadga=R In 5 from the
assignment of these moments. All of these data are consistent with a picture*bflddal moments being
coupled via conduction electrons. To this end  XtnSh;; appears to be analogous to local-moment rare-earth
intermetallic compounds, and may point the way toward a class @fK®ndo lattice compounds.
[S0163-182609)02021-4

I. INTRODUCTION (the Yb is divalent and hence nonmagngti€his “dilute”
3d compound is significant because the Mn magnetism is

The study of the magnetic properties of local @Ti-Cu) local in character, and retains the full moment associated
moments in a metallic environment remains an active field ofvith the orbitally quenched Hund'’s rule ground stéie.,
research. Depending on how the locdl Bloments hybridize the Mn does not seem to lose any of its magnetic nature to
with the host conduction electrons, single-ion Kondo behavihe conduction band In this sense, YRMnSh,; is analo-
ior is observed for some dilute magnetic alldy’sThe virtual  gous to 4 intermetallic compounds. The ground state of this
bound state has been a very useful concept in explaining thigarticular compound is a ferromagnetically ordered system,
behavior>* Larger concentrations of the magnetic ions resultbut this compound clearly points the way towards other di-
in a stabilization of the local momefypically for impurity  lute 3d compounds that may exhibit other, possibly novel,
concentrations 100 ppm, leading to a spin-glass ground ground states.
state(see, for instance Mydosh In some “dilute” binary The compound YpMnShb;; was synthesized by Chan
compounds, such as MnAbnd MnZn,, 3d “impurities” et al. in 1998 It is isostructural with the Zintl compound
are arranged on lattice sites, and coherent scattering from th@a, ,AISb, 5, 1> crystallizing with a tetragonal lattice in the
virtual bound states can form a narrow hybrid bAntHow-  space groupl4,/acd. Other related compounds include
ever, these systems have only modestalues(the linear  Eu;,MnSh;;, which shows colossal magnetoresistance ef-
term in the specific-heat capacity at low temperaturgs, fects associated with a ferromagnetic transition coupled to a
=62mJ/mol K¥), and, in the words of Coles, are barely metal-insulator transitioh’"*° and Ey,MnBiy;, which or-
“slightly plump” fermion systems’ In addition, the above ders antiferromagnetically and shows a large negative mag-
“dilute” binary compounds exhibit only a fraction of the full netoresistance possibly associated with strong ferromagnetic
moment expected from the spin-only Hund'’s rule groundfluctuations?’ Extension of the Zintl concept to YMnShby;
state. In contrast, concentrated Kondo lattices with lagge predicts that the Mn ions will be trivalerit.e., a 31* con-
values have been observed for several compounds containifiguration), while the Yb ions will be divalent (4% i.e.,
4f and 5 elements with a somewhat unstalilelectron  nonmagnetic* Initial magnetic measurements indicated a
configuratiom?*? Various ground states are experimentally Curie-Weiss temperature dependence consistent with the the-
observed, including long-range magnetic orffer instance,  oretical valence assignmelftand a ferromagnetic transition
CeAl, (Ref. 12], superconductivityfor instance, CeG$i,  temperature of approximately 56 #lthough the saturated
(Ref. 13], and possibly a nhonmagnetic sing[&tr instance, moment was ambiguousThe Mn ions are sufficiently far
CeAl; (Ref. 9]. It remains an open question as to whether aapart(~10 A) that they are unlikely to form an appreciable
3d intermetallic Kondo lattice can be achieved experimen-3d band, and the exchange interaction between the Mn mo-
tally, with similarly large y values to the 4 analogs. ments is most probably mediated by the conduction electrons

In this paper, we present the thermodynamic and transpoft.e., Ruderman-Kittel-Kasaya-Yosida exchahtfe How-
properties of a ternary compound MnShb;; in which all ~ ever, sample-purity issues prevented any firm conclusions
the magnetic properties arise from well-separated Mn ionfrom being drawn from these early measurements. Using
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1200 magnetometer. The magnetization as a function of tempera-
ture was measured in an applied field of 1 kOe for tempera-
1000 - tures below the ferromagnetic transition, and 10 kOe for
higher temperature@p to 350 K. The magnetization as a
o 800F ik function of applied fieldup to 55 kO¢ was measured at 5.0
iy r K. Subsequently, the anisotropic magnetization was used to
§ 600 - : align bars relative to the crystallographic axes for transport
2 o0l 1 hr dwell measurements.
g ' melt decanted The bars for electrical resistivity measurements were cut
& 200 1 hr at700 °C and polished from the larger single crystals such that the
final dimensions were approximately 2—3 mm in length with
a cross section of approximately 0.6 mu.6 mm. The re-

sistivity was measured by a standard four-probe technique,
using an ac bridge operating at 16 Hz and with a current
FIG. 1. A schematic diagram of the temperature profile used tqjensity of approximately 0.05 A ci. Electrical contact was
grOW Slngle Crystals of YgMnSbll from a tin flux. Note that the made to the Samples US|ng Epo_tek H20E silver epoxy’ with
time axis is not to scale. typical contact resistances of 1£R Uncertainty in the con-

. . . tact separation gives an estimated uncertainty=d0% in
flux-grown samples, which have a much higher purity and g apsolute value of the resistivity obtained. The estimated
much larger size than earlier polycrystalline samples an ncertainty in the orientation of the bars wad5° for cur-
single crystals grown by vapor transport, we have been ablg, s harallel|) to [001] and +5° for currents perpendicular
to accurately confirm the valence assignment, and investiga ) to [001]. The bars with their length perpendicular to
the behavior of the Mn moments in much greater detail. Her 001] were not aligned with respect to thi&00] and[110]
we show the results of the measurements of the heat Capaca(rections(these directions having the same magnetization
through the ferromagnetic transition, and measurements o The heat capacity of an approximately 20 mg single crys-

Time

the anisotropic magnetization and electrical resistivity. tal of Yb,,MnShy, was measured from 2 to 100 K. The mea-
surement was made using the heat-capacity option of a
IIl. EXPERIMENTAL METHODS Quantum Design PPMS-9 instrument, utilizing the relaxation

technique with fitting of the whole temperature response of

Single crystals of YhMnSh,; were grown from a high- h _ lori ide of th | lished
temperature solution, in a similar manner to CeSb as del"® microcalorimeter. One side of the crystal was polishe

scribed by Canfield and Figk.Tin was chosen as a suitable flat to ensure good thermal contact with the microcalorim-
flux, and an initial melt composition of YEMngSh;,Srgg

was found to produce the best-formed crystals. Elemental IIl. RESULTS
starting material$Yb: Ames Laboratory 99.99%, Mn: Union o
Carbide 99.9%, Sb: Alfa Aesar 99.999%, Sn: 99)9%&re A. dc magnetization

placed n a 5 mlalumina crucible, and sealed in a quartz  |n the paramagnetic regimé &54K), the dc magnetic
glass ampoule with a small partial pressure of argon. Thgysceptibility of Yh,MnShy, is isotropic(as expected for a
temperature profile used for the growth is shown schematigpin-only af local moment with quenched orbital angular
cally in Fig. 1 (note that the time axis is not to scal@he  momentun), and can be fitted by a modified Curie-Weiss
initial heating to 500 °C gently melts the tin flux, into which gy
the remaining elements dissolve during the subsequent heat- C
ing to 1100°C. The crystals grow during the slow cooling X=7=¢ " Xo (1)
(130 h, and the remaining melt is decanted at 700 °C. Crys-
tals grown by this technique are relatively large to 250 whereC is the Curie constant is the paramagnetic Curie
mg), display a complex array of facets, and have morpholoteémperature, andy, is a small temperature-independent
gies that do not suggest any specific unit cell. This morpholierm. The susceptibility follows this temperature dependence
ogy is different from that of needlelike single crystals grown[Eq. (1)] for all T>T¢. The small constant terng, is the
by reacting stoichiometric elements in sealed tantalum tubeSum of contributions from core states and Pauli and Landau
in a two-zone furnacé (presumably this is some kind of a paramagnetism, and has a value of approximately (1.29
vapor transport crystal growth However, powder x-ray- =0.01)x10 °emu/g. The inset to Fig.(d) shows the in-
diffraction patterns show that both crystal growth methodsverse susceptibility ¥— xo) ~* as a function of temperature.
produce the same compound, with second phases below tfigom C we find an effective momentR¢) per formula unit
detection limit(approximately 5% Magnetization measure- (f.u.) of 4.86+0.02ug/f.u. (close to the calculated spin-only
ments(see belowindicate much lower impurity levels in the value of 4.9.5/Mn for local Mr®** moments. The paramag-
flux-grown single crystaléthis study than in polycrystalline  netic Curie temperatur@é=54.0+0.1K, is very close to val-
samples? ues for T¢ estimated from the electrical resistivity (53.5
Samples for anisotropic magnetization measurements 0.5K) and the specific-heat capacity (51.8.3K) (both
were aligned relative to their crystallographic axes by Laualiscussed belo In general, to accurately estimale from
x-ray diffraction. The dc magnetization was measured alongnagnetization data requires detailldH) measurements in
the principle axe$001] and[100] and along[110], using a  the vicinity of the ferromagnetic transition. However, in this
commercial superconducting quantum interference devicease, deviations from E@l) are extremely small close i,
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. T T 1 FIG. 3. Anisotropic resistivity of YpyMnSh;;. Current direc-
(b) . tions relative to the axis[001] are shown in the figure. Inset shows
4 7 (p—po) vs T? for T<T, with linear fit to data shown by solid
: ° ¢ § lines
H [ [001] v ] '
p ]
3p - metric demagnetization effects of the flux-grown samples.
3 [ 1 The magnetization at 5.0 KFig. 2(b)] saturates rapidly for
o vvv applied fields along the easy axigl saturates at 300 Oe for
3“ 2 Y ] HI[001], with a value of 3.8Lkg/Mn), but larger applied
9 .
S g F HII110] fields are necessary to fully saturate the moments for
] v H1[001] (H>20000 Oe forH|[110]). The magnetization
1L vvv below T is reversible, indicating that these single-crystal
- ] samples are magnetically soft, consistent with there being
I vvv little disorder for pinning of domain walls, and implying that
V zero-field-cooled and field-cooled magnetization data should
00 ! 1'0 2'0 30 agree in valudas observed
H (kOe) B. Resistivity and magnetoresistance

The electrical resistivity of YpMnSb;, is shown in Fig.

FIG. 2. Anisotropic magnetization of YjMnSh;, as a function
of (a) temperature i =1 kOe, zero-field-cooledand (b) applied
field (T=5.0K). Solid circlesHII[001], solid trianglesHII[100],
open triangleH|[110]. Inset to panela) shows the inverse sus-
ceptibility (x— xo) ~* as a function of temperature in 10 kQgym-
bols) and the fit to Eq(1) (solid line indicates the fit parameters
given in the main text Panel(b) showsM (H) data afT =5.0 K for
both increasing and decreasing applied fidldkich are essentially
identica).

3, for currentdi) flowing approximately parallel and perpen-
dicular to thec axis[001]. The orientations are not precise,
but are within 15° {I[001]) and 5° (1L[001]) of the esti-
mated orientations. The temperature dependence of the resis-
tivity is metallic, with a significant loss of spin-disorder scat-
tering atT-=53.5=0.5K (in agreement with values df
estimated from magnetization measuremenfhe sharp
drop in the resistivity can be seen more clearly in Fig. 4. For
T<T., the resistivity follows a2 temperature dependence,
[see inset to Fig. (@)], and the measurement was made in aas expected for a ferromagn@ee inset to Fig. 3, showing
relatively low applied field, so the paramagnetic Curie tem-the resistivityp less the residual resistivity, vs T?). The
perature provides a relatively good estimate of the ferromaginclusion of second-order exponential terms does not signifi-
netic transition temperature. This value (5 0.1K) is in  cantly improve the linear fit shown in the inset to Fig. 3. The
good agreement with initial estimates from magnetic mearesidual resistance ratjave takep(300 K)/p(1.8 K)] is mod-
surements of polycrystalline samplgs6 K (Ref. 14]. In  erately large, having a value of 9.4 and 11.7 for currents
addition, we note that the absence of large deviations fronflowing parallel and perpendicular t01], respectively.
Curie-Weiss behavior close tb. implies a good local- There is a modest anisotropy in the resistivi#yg. 3), with
moment charactefand absence of spin fluctuationsf the  larger values forl[ 001] than fori L[ 001]. The origin of this
Mn spins. anisotropy is not immediately obvious, but is probably more
For temperatures belowTc, the magnetization of related to the crystal and electronic structure than to the Mn
Yb;1,MnShy; is strongly anisotropic, with an easy axis along magnetism(the magnetization being isotropic far>T¢).
the ¢ axis [001] [Fig. 2@)]. The anisotropy is substantially Room-temperature values of the resistivity are relatively
more pronounced than for the needlelike single crystaldigh for an intermetallic compound: 16360} cm and
grown previously:* presumably due to the less extreme geo-1250+ 1304 cm for currents flowing parallel and perpen-
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0 50 100 150 FIG. 5. The molar heat capacity of YMnSh;;,. Experimental
T (K) data are indicated b€, while estimates of the magnetic, elec-

tronic, and lattice components are indicated@y andC. ;; (see
FIG. 4. The resistivity of YpMnShy, for currents flowing par-  main texj.

allel to [001] in applied magnetic fields of 0, 10, 30, and 55 kOe

(HI[001]). Larger magnetic fields increadg-. The inset shows

the resistivity as a function of applied field &t 60 K. trum A~13K. As shown in Fig. 6, a linear fit t€/T vs T

at the very lowest temperaturésom 2 to 7 K) yields an
estimate ofy~70+20mJ/mol K. This value is similar to

?(E:ularnsg mtge h;_van'as reIr;?\/p;Ct::;s\lyéarr?;rggoer?(tzlgr?tra:ir:)?]t that found for the isostructural compounds &mBi,; and
4 1 may y ' Ba;,MnBiy; (approximately 100 mJ/mol#&.??> The Debye

The effect of magnetic fields on the electrical rESiStiVitytemperatur@ estimated fof>T.  is 160+- 10 K
D> C>» .

close to the ferromagnetic transition is shown in Fig. 4. The Due to the complex low-temperature behavior of the spe-
longitudinal magnetoresistance was measured for the current.. omp P P

. . . . cific heat and limited range of the measurements, the calcu-
orientation ll[001] and for applied fields aiso paraliel to lation of the magnetic entropy associated with the ferromag-
[001]. As can be seen in Fig. 4, applied fields broaden the 9 by 9

loss of spin-disorder scattering associated with the onset Or}etlc_ ordering _transition In YﬂMnSbﬂ. IS somevvpat
mbiguous. Nevertheless if we approximate the “back-

:gc\g(;aggea Eﬁ%ﬂgzco?2;&&?:6%61%1%3?5&32%;ete\'\rlsl_s fog_round” contribution to the specific heat as a smooth inter-

perature just greater thafy), and is shown in the inset to polation between low-temperature and high-temperature

Fig. 4. The negative magnetoresistance is caused by the rgv_vell above the transitiondata(Fig. 5), the rough estimation

duction in spin-disorder scattering as the Mn moments par(-)f the magnetic entropy

tially align in the applied field. This effect is much smaller
than has recently been observed for the isostructural com-

pound Euy,MnBi;; which orders antiferromagnetically at ASM:f (Cw/MdT )
Tn=32K 2gdespite predominantly ferromagnetic Mn-Mn
exchangg In that case, a substantial negative magnetore- .~ . _ - .
sistance fofT>Ty was interpreted as possible evidence forWIII give ASM~120.1J/moI K-1AR, the vaEJe In reason-
strong ferromagnetic fluctuations, in addition to a reductionable agreemer(91%) with the expectedSy~RIn>5.

of spin-disorder scattering. Also, a larger magnetoresistance

than we find for Yh,MnSh;; was observed for the isostruc- 1200 ' ' ' '
tural ferromagnetic compound EMnSh;;,1° although in I
that case the resistivity is nonmetal(weakly semiconduct- 1000
ing) for T>T., and apparently metallic foF <T. G 800-
'5 L
C. Heat capacity § 600
The molar heat capacity of YMnSh;; from 2 to 100 K § 400'
is shown in Fig. 5. The well-defined peak at=51.8 O |
+0.3 K marks the ferromagnetic ordering transition. The or- 200
dering temperature is consistent with the magnetization and |
resistivity results discussed above. Low-temperature heat ca- 0 . X .
pacity can be fitted taking into account electronie & T), 0 20 40 60
lattice (C,,< T°), and magnetic spin waves in an anisotropic T ®)
ferromagnet[ Cy, < T¥?exp(—A/T)] contributions. This fit
yields the electronic specific-heat coefficieny~45 FIG. 6. C/T vs T2 for Yby,MnShy,, for temperatures from 2 to

+20 mJ/mol K and the value of the gap in the magnon spec-7 K. The line shows linear fit to these data.
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IV. DISCUSSION saturated moment is only Qu3/Mn. In contrast, in the

Estimates of the magnetic ordering temperature of"x€d compound Mg & o253 the Mn carries the full
Yb,4,MnSh;; from all measurements agree well. Comparingmoment of 4ug/Mn (Fe is nonmagnetic In this sense,

estimates from the susceptibility (54:@.1K), the electrical MNZMis is not the ideal dilute 8 compound to study. In
resistivity (53.5:0.5K), and the heat capacity (51.8 contrast, YR,MnSh;; is a much better dilute 8 compound,

+0.3K) we arrive at a combined estimate of58 K (the with a significantly larger Mn-Mn distance of approximately

uncertainty here represents the differencesT in obtained 10 A .(the Mn-Mn distance of MnZp is 6.6 A). Both the
from the different measuremeints effective and saturated moments of YNdnSh,; are consis-

The observed effective moment of YMnShy, (4.86 tent with the full moment of MA", and the susceptibility
+0.02u5/Mn) is very close to the spin-only value expected follows a Curie-Weiss temperature dependence for all tem-

for trivalent Mn (4.95/Mn). The compound YpMnShy; peratures greater 'gha‘ﬁc. The reason for the go_od Iocgl
has 8 formula units per unit cell, with only one Mn site, but moment character is not clear, but may be associated with a

four different 2+ cation(Yb) sites*5The Yb site with the low carrier density around the Mn ions. In addition, the 3
minimum multiplicity corresponds to 2 Yb ions per formula '€Ve! is probably significantly below the Fermi energy. In
unit, which if trivalent would result in an effective moment thiS sense, YbMnSby, is a direct analog of # intermetallic
significantly larger than that which is observed. In addition,SYStems, despite the differences in tiieed 4 orbital radii
Yb3* would result in an anisotropic magnetization for relatlyg to that of 'the free ions. The I|n'ear.term in the
>T. due to crystal electric-field splitting of the Yb Hund’s speuﬂc-heizt capacity of both compounds is simiound
rule J multiplet, which we do not observe. It follows that the 60 m_J/moI ), and is far from bemg_deemed that of a heavy
observed value oP is good evidence that all of the Mn [€rmion. However, this compound is clearly a step towards
ions are in the MA* state(a 3d* configuration, while all Yb the goal of finding a @ intermetallic equivalent of the f4

ions are divalentthonmagnetiy; consistent with previous Kondo lattices discussed earlier.
measurements of polycrystalline matefialn addition, the
observed saturated moment of 3:80.01u5/Mn is close to V. CONCLUSIONS

the expected value of g /Mn for four unpaired electrons, — the results presented in this paper have clarified and ex-
consistent with the above valence arrangement. Since theqed the initial work of Chamt al4 on polycrystalline

saturation magnetization is the same for all field orientationgammes of YMnSby;. This intermetallic compound orders
[Fig. 2b)], the small difference between the observed valuggromagnetically at 53 K. The magnetic behavior is consis-
of the saturated moment and that expected fof Mis un- o0t with & picture of local MA™ moments, in a metallic
likely to be due to sample misorientations, and may hint at & ironment. In this sense YMnShy; is analogous to
small bandlike component to the ferromagnetism. Howevern agnetic rare-earth (4 con’taining colmpounds and is a
the temperature dependence of the susceptibilitget to J)articularly good example of a “dilute” & compound. In

S

::'g' I2(a)] SqueftS E;‘;t. the Mn ions ﬁre Eehavmg as trul pite of the relatively high ferromagnetic ordering tempera-
ocal moments. In addition, we note that the saturation MOy, o it remains an interesting question as to whether hybrid-

ment obtained for polycrystalline samples is substantially;; a4 effects can be observed for lower Mn concentrations
larger than 4ig/f.u. [up to 6.Gug/f.u. (Ref. 14], implying (5 jnstance by considering dilutions such as

the presence of magnetic second phases in the polycryst LAl ,Mn Shy)). Experiments are currently in progress

t§ investigate this possibility. If Kondo-like behavior can be
%bserved in such a system, then this might suggest that simi-
lar intermetallic compoundgpossibly related to other Zintl
hasep are the best starting place in the search forda 3
htermetallic Kondo lattice. The principle features of this
system are relatively dilute locald3moments in a metallic
environment with a fairly low carrier concentration. The ad-
vantage of looking at ternary compounds is principally one
. . of tunability (more free parameters to adjust via substitutions
from the Curie-Weiss temperature dependence of the Magng choice of elementbut also the larger number of pos-
netic susceptibility. However, significant deviations from ;o compounds of a ternary over a binary system.
this temperature dependence are observed below 120 K, sug-

gesting the importance of strong Mn-Mn interactions well
above T.=23K, perhaps due to the anisotropic crystal
structure(Mn-Mn distances are closer along chains in the We are grateful to Z. Islam for aligning samples for mag-
c-axis direction, but these chains cannot support long-rangaetization measurements by Laue x-ray diffraction. J.Y.C.
order until the interchain interaction is strong enoudgfhe  and S.M.K. were supported by the N§BMR-9505565.
observed effective moment of Mnzn (for temperatures Ames Laboratory is operated for the US Department of En-
greater than the above deviatipns only 1.8.g/Mn, sub-  ergy under Contract No. W-7405-Eng-82. This work was
stantially less than that expected from the spin-only Hund'supported by the Director for Energy Research, Office of
rule ground state of either Mi or Mn**. In addition, the Basic Energy Sciences.

significantly clarified the valence assignments. The observ
tion of a magnetic entropy close BIn 5 adds further weight
to the suggested valence assignments.

Having established that the observed magnetic behavi
originates from local Mn moments, it is instructive to make
the comparison of the physical properties of Y¥nSb;;
with those of a previously discussed “dilute’d3compound,
MnZn,3.%7 In the case of MnZp, a local moment is inferred
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