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Anisotropy in magnetic and transport properties of LaTSb; (T=Cr, V)
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We report measurements of anisotropy in magnetic susceptibility, magnetization, and electrical resistivity
using single crystals of LESh; (T=Cr,V). LaT Sh; is a quasi-two-dimensional system with an orthorhombic
crystal structuréspace groug?bcm), possessing a rich phase diagram with a ferromagnetic transitibg at
=132 K due to the ordering of the Cr ions. In order to investigatd 3@, magnetic susceptibility and
magnetization for fields up to 55 kG and in the temperature range of 2—350 K have been measured with the
field aligned to the three principle axes. The electrical resistivity of Lagtals been measured for currents
parallel to thea, b, andc axes in the temperature range 5-295 K, as well as magnetoresistances at 20 k and 60
kG along theb axis. Isostructural LaVSpis found have no transitions in either the magnetization or the
resistivity; therefore, it is presented as a nonmagnetic counterpart. Just belotlue easy axis is found to be
within the b-c plane in the direction of the magnetic field. As the system is further cooled, there is a crossover
from quasi-two-dimensiondPD) to 3D anisotropy below a characteristic temperaflifeand the easy axis of
magnetization becomes oriented along kthaxis. Furthermore, it is found that* decreases linearly as the
magnetic field is increased, and is suppressed with a ffielB.7 kG. A high-temperature antiferromagnetic
transition is found af =98 K. The value ofT is found to be independent of the applied magnetic field up
to H=0.25 kG, at which point this antiferromagnetic phase is suppressed.
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[. INTRODUCTION of the magnetic transitions are due to th& &ectrons of Cr,
and so this provides a baseline for an understanding of the
LaTSh; (T=Cr,V) has recently been of interest in the remaining light rare earth compounds. While it is common to
literature due to its quasi-two-dimensional crystal structurdind an antiferromagnetiéAFM) phase in Cr-based alloys,
and rich phase diagram?® Polycrystalline measurements of LaCrShky is found to have a rare FM transition &tc
LaCrSh have shown that it undergoes an itinerant ferromag=132 K for all magnetic fields investigated. A surprising
netic (FM) transition due to the Cr ions, but the precise tran-property of this system is the presence of an apparent AFM
sition temperature is still in question. Replacing Cr with V transition whose Na temperature Ty=98 K) is less than
eliminates the @ moment, and the magnetic ordering van- the Curie temperaturel¢=132 K), and is suppressed with
ishes. a rather small magnetic fiel(250 G. While two magnetic
While the general trends observed inTl&b; show simi-  transitions have been observed tbelectron systems, these
lar behaviors throughout the literature, some of the specifitend to be found in mixed-valent materials such as
quantitative details are in disagreement. The crystala; ,CaMnOz° ' in which the interactions between
structure'? magnetization, and electrical resistivity have  neighboring MA* ions are FM(positive coupling, neigh-
been investigated on polycrystalline samples. In these studoring Mrf* ions are AFM(negative coupling and Mr?*
ies, a ferromagnetic transition in LaCrStvas observed at and Mrf™ neighbors are found to couple ferromagnetically
Tc=125 K (Refs. 3 and Bor Tc=142 K*°with the dif-  (positive coupling. Two AFM transitions have been ob-
ference apparently arising from the sample growth proceserved in CgRu,0O5,*? which undergoes a spin reorientation
dures. The single-crystal work was limited to a single studywithin the AFM phase, but the coupling between the Ru ions
by Rajuet al.® in which the electrical resistivity along only are always found to be AFNhegativé. In contrast, LaCrSh
the ¢ axis was investigated. Their work also included is a pure compound in which the coupling between neighbor-
neutron-diffraction  measurements on  polycrystallineing magnetic ions is found to change from positi¥V) to
LaCrSh, in which they found Cr moments aligned along the negative(AFM). In addition, there is also high magnetic an-
b axis, as well as band-structure calculations which predicteisotropy within the quasi-two-dimension@D) plane, which
the electrical resistivity to be loweghighes} along thec  leads to a surprisingly rich phase diagram. These newly dis-
axis (a axig). Although crystal-structure and band-structure covered properties can only be investigated with high quality
calculations suggested that anisotropy will play a crucial rolesingle crystals.
in the physics of this system, to our knowledge this is the LaCrShk crystallizes in an orthorhombic structuggpace
first study in which single crystals have been grown whosegroup Pbcm)! with the lattice constanta=13.29(1) A,
morphology allow for a systematic study of the magnetizab=6.21(1) A, ¢=6.11(9) A. The lattice constants for
tion and electrical resistivity properties along the three priniaVvSh, are a=13.36(9) A, b=6.25(6) A, and ¢
cipal axes. =6.05(9) A. The crystal structure consists of two distinct
LaCrShy is only one member in the family of compounds, layers of Cr and Sb perpendicular to theaxis which are
RCrShy (R=La-Nd,Sm,Gd.” An in-depth investigation into  separated by rare-earth ioff&g. 1). The first of these layers
LaCrSky has been undertaken because, in this compound, atlonsists of chains of Cr atoms extending along ¢hdirec-
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FIG. 2. Field-cooled magnetization vs temperature of all three

FIG. 1. Lar Sh, crystal structure. The Sb octahedra surround thecrystallographic orientations. of LaCr§kwith Te=132 K apdT*
transition-metal ion, while the rare-earth ions lie above and below_ 68 K_s_e_en along the; axis. The inset@ shows the inverse
the Sb square plane. The octahedra are edge sharing alongiise susceptibility as a function of temperature, dil shows that the

i ati i 3/2
and face sharing along tleaxis, as can be seen in the inset. magnetization along thk axis increases a5™-.

tion, with Sb atoms forming face-sharitgdge-sharingoc-  Fig. 2. The FM transition aT =132 K is clearly observ-
tahedra along the axis (b axis). The second layer consists able, as well as a feature in which the magnetic anisotropy is
of nearly square sheets of Sb atoms in the plane. The evident along all three crystallographic directions belBtv
rare-earth ions lie in a checkerboard-type pattern which al=68 K. Figure 3 shows the magnetic susceptibility of iso-
ternates above and below the Sb plane. This quasi-2D crystatructural LaVSh. In contrast to LaCrSj this material is
structure suggests that anisotropy may play a crucial roll imonmagnetic, and has minimal anisotropy. The susceptibility

understanding its properties. of LaVSh, is relatively temperature independent and very
small, just above the resolution of the SQUID, and its posi-
IIl. EXPERIMENTAL TECHNIQUE tive value is expected for temperature-independent Pauli

Single crystals of L&Sh; were prepared from ingots of paramagnetism due to conduction electrons. The decrease in

the element§La from Ames Laboratory; Cr (99.996%), v the noise ofM. above 150 K is due to an increase in the
(99.5%), and Sb (99.99%) from Alfa ZEgafThe constitu- applied magnetic f|eld. in order to increase the signal re-
ents LatCr,V):Sb were mixed in the ratio 4:3:13 in alumina SPONse. Below approximately 30 K, the effects of a small
crucibles, heated to 1180 °C in a controlled atmosphere, anfg!mber of impurities can be seen by the Curie tail in the
then cooled at a rate of 10 °/h to 750 °C, at which point the’magnehzaﬂon. A comparison of the magnetization of thej two
flux was spun off using a centrifuge. The resulting crystalgSOstructural compounds clearly shows that the magnetic be-
were rectangular planes with a thin face parallel todfeis ~ Navior is due to the transition metal.

and the longest side parallel to tleeaxis, and had typical
dimensions ofa:b:c=0.3:0.88:1.4 mm. All measurements

were taken on as grown samples. The lattice parameters wer  szo
determined using a commercial Scintag x-ray diffractometer

(Si standaril and a least-squares fit to a minimum of 20 3 s

peaks. Magnetization and magnetic susceptibility measure § +o T e T o T, TR G O belon | K,
ments were taken with a commercial superconducting quan § ;i ’
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—55 KG=H<55 kG. Resistivity measurements were per- = | % s, o b-axis (H-10K6)
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400~ a-axis (H =10 kG) TTYvrggv L dby

ture range 5-295 K and in a magnetic field up to 60 kG.
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A. Magnetization FIG. 3. Susceptibility vs temperature for LaVSbrhe very

The field-cooled magnetization as a function of temperasmall and almost temperature-independent susceptibility makes this
ture with an applied field of 1 kG for LaCrglis shown in  a nonmagnetic counterpart to LaCgSh
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TABLE I. High-temperature Curie-Weiss data for LaCgSbhe |
error in x is 10%. The saturation values are found fromM (H - ——
=55 kG) atT=5 K.

LaCrSb, T=5K
AXis xo (1072 emu/mol) uers (ug/fu) 6 (K) o (ug/fu.) R ¥ M,
a ~2.05 3.79028 153-20 131 % : ::b
b —1.48 3.35:0.27 163t22 1.69 Xz ¢
c -2.15 3.870.14 1619 1.74 ° J—
"

Defining the susceptibility ag=M/H, the data forT wyv’
>200 K can be fit to a modified Curie-Weiss lay= xo 0.0 : ” - = e
+C/(T— 6). The results for Curie-Weiss fit are seen in Fig. H (KG)

2(a), and the parameters are listed in Table I. To simplify the o o
analysis, a polycrystalline average of the susceptibility was FIG. 4. Magnetization vs magnetic field for LaCgSht T
used to determine an effective moment ofio; > K- Thelines are a guide to the eye.

=3.68ug/f.u. One can then compare this experimental result _— . .
with mgan—field theory for G (S=3/2), which predicts upon the applied field, and is found to be linearly depressed
fori=23.8Tug ’ as the magnetic field was increased.

e . .

Although this interpretation is enticing, it has become fa-. I':I'_he ?aT%netlzatlont_asta fUﬂICtIOHt}(;;afle_m ?r;[ >Kis sh_own
vorable in the literature to discuss LaCgSb terms of an In Fg. 4. The magnetization along XIS, the easy axis,

itinerant FM system. There are several reasons for this. Firsgaiugates/falmzstt) |mm¢d|ﬁtely as a _step “kel funcgomr_go
one notes that a very large and negative temperature- ‘fgﬂBd .ltj—.|—3urll1£ n ;'ehmagnetlzgtlor&apﬂg; G;X'_
independent susceptibility, is found which does not seem SIS found afi = » Which is associated with the down-

to be physical. While a negative term may be expected, it caﬂ“m Of(;vlc sein n Fig. drecall thatT_* W?]S found 1o be field
be calcllated by summing up the individual diamagnetic?®Pendent The ¢ axis magnetization then saturates to ap-

contributions from each ion to be approximatelyl proxima;ely the same valu_e ag. The magnetizatio_n along
X10~* emu/mol* which is an order of magnitude smaller the a axis behaves very differently from the previous two,

than what is observed. A nonphysical result such as this ignd continues to increase linearly up to the maximum mea-

often an indication that the Curie-Weiss law is not obeyedStred field of 55 kG. A quick review of the crystal structure

Second, as will be shown shortly, the system is metallic(Fig' 1) will ShO_W _that these results make q“?‘““’_‘“V? sense in
while the previous analysis should only hold for local- the fact_thgt, within thé-c plane, the magnet|z.at|on.|s found
moment(nonmetallig systems. Further evidence of itinerant 10 P& Similar, but along the out-of-plane axia @xis the

behavior is a noninteger saturation momésge Table)land magnetization is “’_“q“e-_ The saturation yalues at 55 kG for
the loss of an esr signal abote .4 all three axes are listed in Table I. The discrepancy between

Figure 2 shows the field-cooled magnetization collected!v andM is most likely du_e to the slight.misalignment.of'
with an applied field of 1 kG. Evidence of the FM transition the §gmple within the aPP"ed, magnetic field. Hysteresis is
can be found as the magnetization increases along the thr@gdligible for all three orientations.

crystallographic orientations @t-=132 K. The Curie tem- The behavior oM along the Cr chains can be investi-

perature was determined by the location of the peak in a p|0(i;ated with several constant field magnetization curves. Fig-
of —dM/dT, which was consistent with the value deter- U€S %a) and b) show the data for various magnetic fields

mined from an Arrott plot. Just beloWw., both theb andc oriented along the andb axes, respective_ly._ Note that., for
axis magnetizations lie on top of each other, while dhaxis H>3.7 kG, both theb and ¢ axes have similar behaviors,

increases at a much slower rate. This result is consistent witjnd Saturate to approximatety=1.6ug/f.u. This implies

the quasi-2D nature of the crystal structure. that the magnetic anisotropy within thec plane is Iess;than
The full anisotropy of the system becomes evident as thé:/L kKG. The inset of Fig.(& shows the behavior of* at

temperature is further reduced, and thaxis moment drops Various magnetic fields, which is the temperature below

to 0.8«g/f.u. One can define a characteristic temperaturdVhich the full anisotropy of the system S evident due to an

T*, which is determined by the location of the peak of&lignment of the spins along thgaxis. T* is found to de-

dM./dT at a constant field, below which the system is an-Cré@se linearly with the field, as seen in the inset to Fig, 5

isotropic along all three directions. Just below the Curie tem@nd can be fit to the equation

perature, the easy axis of the magnetization is withinbtee % 1 g

plane, and oriented in the direction of the applied field. But T7/04 K=1-HY/3.71 kG. @

as the temperature is lowered bel@W, theb axis becomes A downturn in the magnetization was previously observed

the easy axis of magnetization, and continues to ris€>&s  with polycrystalline sample® but to our knowledge this is

due to spin waves, as predicted by Stoner theory for itinerarthe first investigation of its anisotropic behavior.

FM [see Fig. 2b)]. This result is in agreement with the poly-  Figure 6 shows a recently discovered result as the applied

crystalline neutron scattering d&t@he value ofT* depends field is lowered below 250 G, which is the presence of a
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—+— 1000 6 FIG. 6. H=10 G field-cooled magnetization of LaCrsShrhe
Nl FM transition is atTc=132 K, and the AFM transition is afy
—+— 2506 =98 K. M, is multiplied by a factor of 10 so that it can be seen to
+ 158066 exhibit similar behavior tM,. The inset showd M/d T along both
= the b andc axes to show the behavior of the magnetization figar
—-— 1086 at various fields.
along the Cr chains gf.=169 1) cm, perpendicular to the
chainsp,=483 ) cm, and the out-of-plane resistivity is

pa=990 1 cm. The values of the in-plane resistivity, as
well as their positive slope throughout the temperature range
investigated, indicate that these axes are both metallic. The

FIG. 5. (a) c-axis magnetization curves beloW. at various ~OUt-Of-plane resistivity is much larger with,/p.=5.8 at
magnetic fields. For each field below 3.7 kG, there is a correspondl00m temperature, and the initial slope is indicative of a
ing downturn aff* defined by the peak idM/dT. The inset shows nonmetallic behavior. Qualitatively, these results are in
that T* decreases linearly with fieldb) b-axis magnetization agreement with the band-structure calculations of Raju
curves show the presence of the AFM state, but above 250 & the et al,® who found that the conductivity should primarily take
axis remains FM. place along the Cr chair(the c axis), and very little conduc-

o] 20 40 60 80 100 120 140

Temperature (K)

high-temperature antiferromagnetic state. The magnetization

of all three axes is shown with an applied field of approxi- zo00 =
mately 10 G. AtTy=98 K the magnetization along the
axis has a sharp drop, whilgl, and My remain flat and
relatively temperature independent as the temperature is low
ered. This is an indication of an AFM transition with the easy ‘500'3.“/«:;:
axis oriented along the Cr chaifthe c axis).!® The insets to . i i 00 o A

0.0

Fig. 6 showdM/dT along both theb and ¢ axes, which R el i e

1.2

o
T T 7T

2.
®

c-axis

0.6

dp/dT (0 cm/K)
£

o i
N

—

indicate that this AFM transition is observed along both axes,5 1000k
and is field independent up to 250 G. Above this field, the% a-axis
decrease oM. is not as sharfthe peak indM./dT is re-

duced, andM, continues to rise as the temperature is low-
ered, so that no peak idM,/dT is observed. This AFM 5001

phase has not been observed in magnetic measurements

polycrystalline samples. Furthermore, neutron-diffraction / c-axis
and thermal expansidmeasurements do not show any evi- , , . . .
dence of a structural transition at this temperature, but % 50 100 150 200 250 300
single-crystal neutron-diffraction measurements do show Temperature (K)

evidence for this transitiotf

b-axis

FIG. 7. Resistivity vs temperature of LaCrSiThe a axis has
the largest resistivity, and theaxis has the lowest. The inset in the
upper right showslp./dT with the predicted Fisher Langer-type

Figure 7 shows the electrical resistivity for LaCgSBhe  anomaly, and the inset in the upper left shows TH& behavior,
anisotropy of the system is clearly evident with the resistivitytypical of a FM.

B. Electrical resistivity
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tivity should be found between the plangke a axis). The
in-plane resistivity for LaVSh is shown in Fig. 8, which

shows that this material is metallic down to 5 K, and there ISeasy axis is within the plane and oriented in the direction of the

50
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Temperature (K)

no evidence of any transitions.

All three axes of LaCrShexhibit evidence of the ferro-

200 250

FIG. 8. In-plane resistivity vs temperature of La\4tSb

300 0.0

2.0

Field (kG)

2.5 3.0 3.5

FIG. 10. Phase diagram for the four various magnetic-field- and

temperature-dependent regions of LaGrSkhe squares show the

magnetic transition with a kink in the resistivity &t
=131 K for each crystallographic orientation. The peak in

dp./dT at the FM transitior(the upper right inset in Fig.)7
is attributed to a Fisher-Langer-type anomHlyyhich is the

magnetic field.

AFM state as determined by theaxis magnetization. The circles
are data obtained by tlreaxis magnetization, and represéiit. For
large temperatures and magnetic fields, the system is FM, and the

Note the absence of any visible anomaly in the resistivity
plots (Fig. 7, bothp vs T andp vs T%?) corresponding to the

result of the loss of spin scattering below the Curie point.98-K AFM transition. This suggests that the spin scattering
The ferromagnetic transition is also accompanied with &0€S not change, and the AFM transition involves a realign-

change in the sign ofip,/dT. For T>T¢, the in-plane re-
sistivity linearly decreases, while, beloW, the resistivity
decreases a8>? (upper left inset to Fig. )7 This is an un-

decrease a$2. However, T3 behavior is often observed in
ferromagnetic systems, in which the scattering length is re:
duced from an ideal systeti.The magnetoresistance up to
60 kG is seen in Fig. 9. The greatest change in the resistivity
is found neafT ¢ as the Curie temperature is washed out with
a large magnetic field. The inset to Fig. 9 shows that the’
differential magnetoresistance at 60 kG is 12%.

180

ment of the ordered moments. This is also consistent with the
lack of any evidence for a structural transition in both poly-
crystalline neutron-diffraction data of Ragt al® and ther-

ivity tgnal expansion results of Leonard and co-worKetbecause

one would expect a structural transition to have an effect on
the scattering length, and therefore a change in the resistivity.
In fact, to our knowledge, there is also no evidence of this
FM state in any polycrystalline samples, neither in the low-

ield magnetization data nor in the neutron-diffraction data

eported by Rajuet al® Our own polycrystalline samples

show a decrease in the magnetization, but the behavior looks
very similar to that found at 1 kG, and so it is indistinguish-
able from the transition at*. This is most likely due to a

160
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broadening of the AFM transition due to the disorder found
in polycrystalline samples. This AFM transition, therefore,

100 200
Temperature (K)

300

can only be observed and investigated using high-quality
single crystals. Single-crystal neutron, diffraction measure-
ments are in progress, and will be very useful in understand-
ing the spin alignment.

IV. DISCUSSION

The results discussed above indicate that there are several
regions of interest in LaCr3has the temperature and mag-
netic field are varied. These results are collected and pre-
sented in a temperature vs magnetic-field phase diagram in
Fig. 10. ForH=0 G, there are three regions of interest: a

1 1 1
0 50 100 150 200 250 300
Temperature (K)

paramagnetic state for>T.=132 K, a small FM region
for Tc>T>Ty=98 K, and an AFM ground state fof
<98 K. As a magnetic field is applied, the AFM state
quickly disappears, and the system remains FM below

FIG. 9. b-axis magnetoresistivity of LaCrgbThe inset shows
[p(H=0)—p(H=60 KkG)]/p(H=0) with a peak afl¢.
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132 K. In addition, forH<3.71 kG, there is a temperature, samples:® It appears that the crystalline anisotropy favors
T*, below which the easy axis of magnetization is orientedSPin alignment along thb axis, but there is a potential en-
along theb axis, and the inherent 3D anisotropy of the sys-€'9y minimum along the axis which is only slightly favored
tem is evident. These regions will be discussed in more dedt oW temperatures and low fields. It is possible that this
tail downturn is a remnant of the AFM ground state resulting in
Because all of the previous magnetization data were a canting of the spins off from the Cr chains. One can rewrite

] g eEq. (1), which relates the temperature at which this downturn
ported on polycrystalline samples, it is useful to compare thg,ccyrs, in terms of energies in order to determine the rel-
results with the single-crystal data. Qualitatively, the twoeyant energy scales,

agree with each other, in that they both exhibit a Curie-Weiss

behavior at high temperatures, and they both show evidence 8.1 meV=kgTp+90.32g9ugHp), 2

of a FM transition. The value of - was debated within the whereg has a free-electron value of 2, and the term in pa-
literature. Both Hartjeet al® and Rajuet al® prepared their rentheses is the Zeeman energy due to the magnetic field.
samples by a solid-state reaction in vacuum-sealed quarf2ne finds a small energy scale of 8.1 meV, which is not
tubes. They both found a Curie temperature of 125 K, whictsurprising due to the small magnetic field which is required
agrees, within experimental error, with our value for singlel© destroy the anisotropy within the plane. It is also equiva-
crystals of Te=132 K. Leonard etal, who prepared lent to a temperature of 94 K, which is equalithin experi-

samples using an arc melter, reported a much larger value (r)mi;ental erorto Ty

Tc=144 K*®In order to investigate these differences, and V. CONCLUSION

the importance of the sample preparation method, we inves- ) . ) )

tigated the Curie temperature on our own arc-melted poly- L@CrSk is an itinerant FM with large anisotropy below
crystalline samples. We used a very similar method to that of c- The paramagnetic Curie constant is serendipitously
Leonard et al,* which involved additional melting of the close to that which is expected for Cr, which would indi-

sample and adding about 10% excess Sb in order to accoufi tea Iocal—moment system. Howe\{er, the nomqteger vqlue
for its loss during melting. Our polycrystalline samples had 0 the saturation moment, coupled with th.e metallic behavior
Curie temperature of -=140 K (data not shown These of the system and the loss qf an ESR S|gnal abdye a!l
results suggest that a large Curie temperature is a property gfipportitinerant ferromagnetism. B_eldw arich phase dia-
arc melting. gram is _dlscovered and a large anl_sotropy_ observed. The re-
The AFM state observed at low temperatures and low?!SUVIy 1S 'OWe.St along the Cr cha|n§, while the easy mag-
applied magnetic fields is an unexpected result, because ptization axis is found to be perpendicular to the chains, b.Ut
indication of this behavior was found in previous studies ofs.tIII within the b-c plang. At_ Iargg tgmperatures and ma_gnet|c
this system. The fact that the AFM transition is not observedi€!ds. the moments W'!l allgn within the-c plane and orient
in zero-field resistivity measurements shows that this AFMthemseres W'th the dwepﬂon of 'ghe' applied magnetic field,
state does not lower the electron-spin scattering, which im3° that the anisotropy 1s lost within _the plane. An unex-
plies that the spins simply realign in another configuration.peCted’ and still unexplained, result is th.e presence of an
The easy axis of the AFM state is along the Cr chaths c AFM state forH.<250 .G andT<98 K, which 'S possibly
axi9), while it is perpendicular to the chairithe b axis) in due to phonon interactions with the itinerant spins.
the ferromagnetic state. This observation implies that the
spins are always aligned within thec plane, but undergo a
reorientation within the plane as the field is applied or the We would especially like to thank Scott McCall and Gang
temperature is raised. The exact nature of this AFM state i€ao for their very useful discussions, and John Raymaker for
still unknown and further investigation is required. his assistance. This work was funded by the In House Re-
The downturn which is seen iN; appears to be an in- search Program at the National High Magnetic Field Labo-
herent property of the material, due to the fact that it has alseatory, which was funded by the NSF, Cooperative Agree-
been observedthough not explainedin polycrystalline  ment No. DMR-9527035.
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