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The archetype of geometrically frustrated compounds (&, 9,09 is @ kagomebilayer of Heisenberg
Cr** ions (S=3/2) with antiferromagnetic interactions. We present an extensive gallium nuclear magnetic
resonancéNMR) study over a broad Cr-concentration range (6&920.95). This allows us to probe locally
the susceptibility of the kagoimglayer and separate the intrinsic properties due to geometric frustration from
those related to site dilution. Compared to the partial study on one sappl@90, presented in Phys. Rev.
Lett. 85, 3496 (2000, we perform here a refined study of the evolution of all the magnetic properties with
dilution, with a great emphasis on the lowest dilufgd 0.95 sample synthesized for this study. Our major
findings are the following1) The intrinsic kagoméilayer susceptibility reaches a maximum at a temperature
of ~40—-50 K, which we show here to be robust up to a dilution as high=@9%; this maximum is the
signature of the development of short-range antiferromagnetic correlations in the khigayee (2) At low T,
a highly dynamical state induces a strong wipeout of the NMR intensity, regardless of di@jidre low-T
upturn of the macroscopic susceptibility is associated with paramagnetic defects, which stem from the dilution
of the kagomebilayer. The lowT analysis of thep=0.95 NMR line shape, coupled with a more accurate
determination of the nuclear Hamiltonian at highallows us to discuss in detail the nature of the defect. Our
analysis suggests that the defect can be associated with a staggered spin response to the vacancies of the
kagomebilayer. This, altogether with the maximum in the kagdbilayer susceptibility, is very similar to what
is observed in most low-dimensional antiferromagnetic correlated systems, even those with a short spin-spin
correlation length(4) The spin-glass-like freezing observedTat ~2-4 K is not driven by the dilution-
induced defects.
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[. INTRODUCTION Remarkably, the corner-sharing geometry gives rise to a
macroscopic degeneracy of the ground stdt®&y macro-
Under certain circumstances, it is impossible for magneticscopic, we mean that the energy of the kagomneof the
systems to minimize simultaneously all the interactions bepyrochlore ground state is invariant under a rotation of a
tween the spins. The system is then frustrated. This is knowfinite number of spins. Through these rotations, the system
to occur in the spin-glas&SG) compounds where the disor- can explore all the spin configurations making up the ground
der on the magnetic network induces a competition betweeanergy level. The energy spectrum is, therefore, character-
the interactions. In a vast variety of systems, the frustratiorized by the existence of zero energy excitations, the so-called
can arise from the geometry of the lattice itself, withoutsoft modeg. In particular, the soft modes associated with a
disorder! as in the case of the triangular-based antiferromagsmall number of spins are extremely efficient in destroying a
netic (AF) networks. The kagomg@ = 2) and the pyrochlore long-range magnetic order. A nonmagnetic ground state is
(d=3) networks with AF interactions are a particular classpredicted afT—0 K, with a spin-spin correlation function
of geometrically frustrated networks where the triangfes  (S;S;)~exp(—r;;/é), where the correlation lengthdoes not
the kagomdattice) and the tetrahedragor the pyrochlore exceed twice the lattice parameteFhe huge reservoir of
lattice) share corners instead of sides as for the familiar tri-soft modes leads also to a low-energy shift of the excitation
angular network. spectrum, so that an unusually highly dynamical state is pre-
Within a classical theory, the ground state is built on tri-dicted at lowT.® This peculiar ground state is commonly
angles and/or tetrahedras with a zero total magnetic momentalled a cooperative paramagnet state or a “spin liquid
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Quite remarkably, a different description of quantum na- -I—I»II.III.I_»I»-I»I»-I R XA

ture for S=1/2 geometrically frustrated AF networks yields o e "1 Crlrfiolated
'v'v‘, ‘1'1v'v‘

similar results. As first elaborated by Andersoand vali- spin pairs
dated through numerical calculations, the ground state can be
constructed on spin singlet pairs and not on nonmagnetic
triangles (or tetrahedras® In particular, numerical studies
point at the existence of a “gap” in the magnetic excitation
spectrum of the kagom$= 1/2 network® and maybe in the
pyrochloreS=1/2 network!® The term gap is actually inap-
propriate as a continuum of singlet states is embedded be-
tween the singlet ground state and the first excited triplet
state. These singlet excitations are in some respects the ana- -
log of the classical soft modes. A spin liquid ground state is flijIIjﬁIiIIIﬁiIiIﬁfI 1Tl
again favored, with unusual thermodynamic properties such
as a high entropy at low.! FIG. 1. The magnetic lattice of SCGO is a stacking of kagome
The discovery of the kagomeased insulator bilayers of CP* ions (=78% of the Cr sites separated by Cr-Cr
SrCry,Gay,- 0,010 in 198812 brought considerable attention isolated spin pairs£22% of the Cr sites
onto geometric frustration. Since then, an intense mapping of
the low-T physics of the kagomand of the pyrochlore com- that only a fraction of the Gf moment is frozen and nuon
pounds has been carried ddt* Original properties have spin resonanceySR) experiments revealed the existence of
been uncovered, encompassing anomalous SG Stated  a strongly fluctuating ground stat®&?°a picture further sup-
icelike ground state¥ However, nowadays, only a few com- ported by recent specific-heat measurements, which indicate
pounds are good candidates for a spin liquid ground statehat only ~50% of the total entropy is removed below 100
Following Villain's early work?’ the discrepancy between K.*°
experience and theory is to be found in the perturbations to From the macroscopic susceptibilityfacro), One can
the ideal AF Heisenberg Hamiltonian with nearest-neighboobserve that a strong AF interaction couples the neighboring
spin-spin interactions. The dilution of the netwdrt the  spins with a characteristic Curie-Weiss tempera@g, .o
interactions other than nearest-neighborthe dipolar ~500-600 K. The Curie-Weiss behavior gf, ¢, extends
interaction?” the anisotropy; etc. are perturbations that dif- to temperature3<®,,,.,0, Which is recognized as the most
ferentiate the geometrically frustrated compounds and makeypical signature of frustratiott'1*It is puzzling that, at very
them deviate from the ideal spin liquid behavior. Each deviadow T, xmacro Progressively deviates from Curie-Weiss be-
tion can potentially induce a long-range order, usually quitehavior and exhibits a behavior closer to a simple Curie law.
complex. In all experimental studies one must, therefore, disThis property of SCGO is actually encountered in the major-
criminate between the properties related to geometric frustréty of the geometrically frustrated magnets. This is in deep
tion and those related to these perturbations, which we magontrast with the nonmagnetic ground state predicted for a
label by the general term of disorder. spin liquid. It was conjectured that this Curie upturn might
However, even in the presence of these limiting parameoriginate from the dilution, i.e., may not be an intrinsic prop-
eters, spin-liquid-like compounds do extétMore than in  erty of the kagomevilayer susceptibility® If this is indeed
any other compound, spin-liquid-like properties are observethe case, what is then the susceptibility of the kagdiie
in SrCry,Gay,-9p019 [SCGOP),0=< p<,1]. The geometric layer? And what is the underlying mechanism that triggers
frustration in SCGO arises from a kagomigayer of Heisen-  the Curie upturn?
berg CP* ions (S=3/2), a quasi-two-dimensional network  These are the main topics addressed in this work through
of two kagomelayers connected by a triangular lattice link- the nuclear magnetic resonan®MR) of gallium nuclei of
ing layer (Fig. 1). The disorder in SCGO stems from the SCGO. The®®Ga and’‘Ga nuclei (=3/2) are local probes
dilution of the Cr network by nonmagnetic &aions. To  coupled to the G ions. The gallium nuclei labeled Ga{}t
date, all SCGO crystals reported in literature are nonstoichioare at the heart of frustrated physics, as they are exclusively
metric (p<1). coupled to the G ions of the kagomeilayer (Fig. 2). The
Although an anomaly is observed at Io0wm(Ty~2-4 K  present NMR study was carried out on different Cr concen-
for 0.6<p<1) in the macroscopic susceptibility suggestingtrations of SCGO (0.7 p<0.95). The comparative study
the occurrence of a SG sté&?°all the other experimental of the samples shows that G4(4NMR can discern between
data available on SCGO point at the existence of a spinthe geometric frustration related properties and the disorder
liquid-like ground state. The neutron-diffraction pattern atrelated properties of SCGO: we are able to probe indepen-
T<Tg is characterized by a broad peak, from which is ex-dently the kagomévilayer susceptibility and the effects re-
tracted a spin-spin correlation length of twice the Cr-Cr dis-lated to dilution, and thus answer both questions on a firm
tance ¢~2dc.c).?° A more refined neutron experiment experimental ground.
showed that the diffraction pattern is in agreement with the The general outline of this paper is the following. After a
existence of subgroups of spifsinglets, triangles, or tetra- detailed presentation of the samples used in this work, their
hedra$ of zero magnetic momeAf.Neutrons also revealed characterization, and a description of their magnetic cou-

kagomé
bi-layer

144447-2



SUSCEPTIBILITY AND DILUTION EFFECTS OF THE . .. PHYSICAL REVIEW B 65 144447

TABLE |. The characteristic susceptibility parameters for some

Ga(4e)

\\\\ /.\ Isolated of the SCGO samples studiefler; and © ¢ are extracted by
v Cr(4f) i P fitting the highT behavior ofy,4c;o (T=150 K) to a Curie-Weiss
law.
_Cr(12K)
p Meff O nacro (K) Tg (K)
kagomé 0.72 3.85(5)g 356(11) 23
~—CrQa) | bilayer
Y 0.81 4.00(2)ug 4397) 3.3
0.89 4.05(2)ug 501(7) 3.5
~ 0.90 4.21(1)g 560(5) 3.2
Gat)  Cr{12k) 0.95 4.23(2)g 608(7) 36

FIG. 2. The crystal structure of ideal SgGa0,49. The light
gray circles represent the oxygen atofmge have restrained their
number for clarity. The Sr atoms are not represented. The thickplings similar to C505.3* As was evidenced in Ref. 33,
dashed lines show the typical hyperfine coupling paths of the galSCGO is made up of only two magnetic entiti€s) The
lium nuclei to various Cr sites through the oxygen ions. kagom'ebilayer, i.e., the kagor"nétr(Za)-kagom'estructure,

with an average AF coupling @f,jjaye~80 K as we estab-
plings (Sec. ), we focus on the specificities of the Ga NMR lish in Sec. V.(2) The Cr(4f,;)-Cr(4f,;) spin pairs with an
spectrum of SCGO: the gallium sites in SCGO, the nucleaAF coupling of J,,;;=216(2) K, each pair being isolated
parameters of the Gat# resonance line, and the optimiza- from the others. The full structure is obtained by the stack-
tion of its detectior(Sec. 1)), with a special emphasis on the ing: spin pairs/kagomebilayer/spin pairs/kagoméilayer,
features uncovered by the study of the least diluted sampletc. The interaction between the kagohikayer and the spin
p=0.95. We also show that NMR is a very refined techniquepairs is small (<1 K). Since all the Cr(4,) spin pairs
for characterizing the amount of Ga/Cr substitution, espeform nonmagnetic singlets at loW (T<J,;;, see the Ap-
cially in the low dilution limit. The following sections ad- pendiX, the low-T properties of SCGO are expected to re-
dress the main points relevant to frustrated physics. Comélect those of the kagomiilayer network only.
pared to our previous study presented in Ref. 32, we provide From the previous considerations, it is quite clear that the
here a deeper insight on the dilution effects. After a briefkagomebilayer structure is more complex to model than a
overview of the raw NMR spectra and some experimentapure kagomesystem. However, SCGO is ideal in many re-
details(Sec. 1V), we present in Sec. V the first part of our gards. As mentioned in the Introduction, the interactions in
comparative study. By probing the susceptibility on a localthe magnetic Hamiltonian other than a nearest-neighbor in-
stand through the NMR shift, we identify the intrinsic, i.e., teraction, are likely to modify the spin liquid nature of the
dilution-independent susceptibility, typical of the SCGO ground state. These interactions are here extremely small
family—the archetype of geometrically frustrated com-compared to the Cr-Cr interaction in the kagobilayer. The
pounds. We then discuss our experimental results in the lighdnisotropy of Ct" is ~0.08 K (spins are, therefore, of
of the existing models and calculations. The main topic ofHeisenberg natujg” the dipolar interaction is-0.1 K, and
Sec. VI is the study of the dilution effects. Using the NMR the next-nearest-neighbor interactiods,, are most likely
width, we can track down in SCGO the effect associatedJ,,|<4 K, as in CyO;.>° These microscopical details
with the dilution of the magnetic network and isolate its might not be totally uncorrelated with the spin-liquid-like
contribution to the macroscopic susceptibility. Moreover, webehavior observed in SCGO.
demonstrate that the impact of the site dilution is not an The present study was performed on a series of seven
effect simply localized around the substitution site. As wevalues of Cr content, corresponding to concentrationg of
discuss, this sets specific constraints on the theoretical mod=0.72,0.81,0.89,0.90,0.91,0.93,0.95. All the samples are ce-
els describing the dilution effects. We finally suggest an inramics and were synthesized by a solid-state reaction of
terpretation of our NMR results based on the general contex$rCQ,, Cr,05;, and GaO; in air at 1350 °C, typical for
of the AF correlated systems. A summary and the concludingCGO. The reaction products were checked by x-ray diffrac-
remarks can be found in Sec. VII. tion and by macroscopic susceptibility measurements. The
physical parameters foy,,acr0 Yielded results in agreement
with literature(Table ). More refined characterizations were
also performed. Th@=0.81,0.89,0.95 samples were inves-

The CP™ ions of SCGO occupy three distinct sites, which tigated by high-resolution neutron diffraction with the D2B
are denoted 12 2a, and 4,; (Fig. 2. The Cr(1X) sites Spectrometer of the Institut Laue-Langevin in order to esti-
represent 2/3 of the total number of%Crions and are ar- Mate the occupation of the three Cr sites of SCGO, respec-
ranged to form a kagomlattice. The two kagomelanes are  tively, Pix. Pza, and pys . otherwise nonmeasurable by
separated by a Cr@ triangular layer (1/9 of the Gf x-ray diffraction. The results are presented in Fig. 3. phe
ions. The remaining 2/9 of the &f ions occupy the =0.72 and 0.90 samples were the objeciu®R studieg®2°
Cr(4f,;) sites. A realistic description of the Cr-Cr magnetic Finally, the Cr concentration of the samples was also
couplings in SCGO showed that this compound has couehecked directly by Ga NMRdetailed in Sec. I\

II. SAMPLES AND MAGNETIC COUPLINGS
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FIG. 4. The Cr-Cr couplings as a function of the Cr-O-Cr angle
(left) and the Cr-Cr distancg&ight) for the average Cr-Cr coupling
of the SCGO kagomebilayer (see Sec. VB the SCGO
Cr(4f,;)-Cr(4f,;) pairs(Ref. 33, Cr,O; (Ref. 35, and a series of

Cr oxides(Ref. 37. The stars stand for the Cr(k2Cr(1%) and

the Cr(1%)-Cr(2a) couplings of SCGO’s kagomkilayer, which

we determined in a previous paper via a refined analysis of the
NMR shift (Ref. 45.

FIG. 3. The relative Cr concentration on thekl2a, and 4f ;
sites determined by the neutron measuremept@k(pZa,pMUi)
versus the overall Cr concentratidp) of our p=0.81,0.89,0.95
samples(open squargsand of other samples in the literature
e e ot e it F 1 e 5165 11015 7iGq (1y=12.962 MHEITI'Q=0.112¢10°2 onf)

y Y ' clei of SCGO powder sampley @ndQ are, respectively, the

gyromagnetic ratio and the quadrupolar moment of the
nucleus. The gallium ions are present on two distinct crys-

The synthesis of samples with higher Cr content tpan
=0.95 failed. The x-ray diffraction showed a0y parasiti-
cal presence o 0.5% (our detection thresholdn the final  tallographic sites, which are designated by Ga(4nd
product ofp=0.95 and all the additional @P; introduced Ga(4e) (Fig. 2). A previous spectral analysis, carried out on
in the solid-state reaction to reach higher concentrations thatme p=0.90 sample in a sweep field set up at a radio fre-
p=0.95 simply did not react. This sets the limit of this syn- quency ofv,;=131 MHz, successfully assigned each site to
thesis method to thep=0.95 concentration. Interestingly, the corresponding peak in the NMR spectr%ﬁn'l_'here, it
this limit may be related to the fact that the Ga/Cr substituwas shown that the Ga NMR spectrum of both isotopes is
tion in SCGO is not uniform, i.e., the Cr concentration is Notactyally the sum of three contributions: Gaj4 Ga(4e),
equal top on all the sites. As shown in Fig. 3, the Ga/Cr ang an extra contribution related to the presence of nonsto-
substitution on the Cr(1) sites corresponds to stoichiom- jchiometric gallium on the Cr sites, which we label by
etry (p~p.x), Whereas in contrast the C sites are ro- Galsub.
bust to_substitution F(2a> p), the nons_toichiometric l%aalgligfsm As was pointed out in Ref. 38, the interest of Ga NMR
occupying preferentially the Cr4;) sites Q4 <p)."" resides in the fact that the gallium nuclei are coupled to the
We note that no gallium is present on the Cajites of the  neighboring magnetic &t ions through a Ga-O-Cr hyper-
p=0.95 sample and that concomitantly the parasiticalDgr  fine bridge(Fig. 2. In particular, the®®"'Ga(4f) nuclei are
problem occurs at this same Cr concentration, an indicatioexclusively coupled to the kagonbdayer, nine from the two
that the two phenomena may be related to the same chemideghgomeadjacent Cr(1R) layers and three from the interme-
constraint. diate Cr(22) sites. Through Ga(® NMR we are then able

A last point we would like to address is the influence ofto probe locally the magnetic properties of the kagdme
the Ga/Cr substitution on the crystal parameteasidc. The  layer. The present NMR study is, therefore devoted to
largest structural change we observed is an elongation aba(4f) NMR.
~0.004 A of the Cr(1R)-Cr(2a) distance in thep=0.72 Along with the hyperfine interaction mentioned here
sample (2.975 A) compared to th@=0.95 sample above, the nuclear Hamiltonian of gallium in SCGO also
(2.971 A). A study on a series of chromium-based oxidesears an additional quadrupole interaction due to the electric
with Cr-O-Cr bonding angles-90° (as in SCGQ showed field gradient(EFG) on the gallium sites. Following the
that the Cr-Cr exchange constant decreases linearly with inisual notations, the nuclear Hamiltonian may be expressed
creasing Cr-Cr distancg-ig. 4) with a slope ofAJ/Ad¢,.c,  as
~450 K/AZ" from which we extract a negligible variation
of the SCGO exchange constants at mosAdf=3 K. We,
therefore, expect the sizeahlariation of the magnetic prop-
erties of SCGO with po reflect only the effect of the lattice
dilution.

. . . h
H=—hyl - (T+K)- A+ 21312124 n(12-13)],

whereH is the applied field, the principal axes of the mag-

netic shift tensoK are collinear with the direction of the
nuclear-spin operators, 1, andl,, vq is the quadrupole
frequency, and & =<1 is the quadrupole asymmetry pa-
rameter. The main focus of the spectral analysis presented in

lll. Ga NMR SPECTRUM

The present NMR study was performed on tf¥a
(9y=10.219 MHz/T%°Q=0.178<10"%* cn?) and the
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TABLE Il. The quadrupole parameters of the d4nd 4f gallium 4F T éo e 7

nuclei in SCGO. The®*Ga isotope yields a stronger quadrupole dw QH
interaction compared to th€Ga isotope, since the quadrupole mo- 3P N p=0.95 -
ments are in a ratio of°Q/"'Q= vy /vo=1.589. 3 31
2r ¥, sﬂ-\;f!
"vq (MHz) *vq (MH2) " é: 1s, % : 3
e =2 0 2
Ga(de)? 20.53) 32.65) 0.05035) LR B
Ga(4f)® 2.92) 4.6(2) 0.0056) o / .L\-’é—/“‘ \"\v_ﬂw
SN
#From Ref. 38. = g “ “\;5. w | —
i = AR By g &
®This work. as / U o ‘s...(
i i X . e ‘et kﬂ‘“w*Lv__
this section is to complete the study of Ref. 38 by determin- 0.0 : '. —
ing the quadrupole contribution to the nuclear Hamiltonian \
of Ga(4f), working in a frequency range v 0.5t ‘ Il
=40.454 MHz) more appropriate for the observation of the NV A~
69.71Ga(4f) resonance lines. We study here the spectrum of 0.0 s e,

3.0 35 4.0 4.5

the p=0.95 sample, which yields sharper quadrupole fea-
H (Tesla)

tures than th@=0.90 sampléor of any of the other samples
studied. The knowledge of the quadrupole parameters re- FIG. 5. Top panel: A field sweep of'Ga and ®%Ga at v
ported in Table Il a"_OWS us, in the following se(_:tlorj, to =40.454 MHz. The site and transition assignments of each peak
separate the magnetic and the quadrupole contributions g gescribed in the text. Middle panel: The sateliite transitions in
the Ga(4) spectrum and, hence, to safely evaluate the magme 69.71Ga(4f) line. The satellite singularities of theedine are not
netic properties of the kagontelayer. resolved. Bottom panel: A line simulation 8%7'Ga(4f) (solid line)

In the second part of this section we focus or(ss8). We  and of 597'Ga(4e) (dark gray areaperformed on the basis of the
identify the contribution of G@ub to the spectrum acquired quadrupole parameters of Table Il. The simulated spectrum does not
at v,=40.454 MHz and, on the basis of this contribution, account for the Gaub contribution.
provide a method to evaluate the Cr concentration of the

SCGO samples through Ga NMR, especially well suited fol?=0.95 sample. The sweep, from 2.65 T to 4.80 T, covers
the very low dilutions. the spectrum of both isotopes and yields the expected fea-

tures. We first focus on thé®"'Ga(4e) line. A powder
sample simulation of theetline is presented in the bottom
) ) ) panel of Fig. 5 to emphasize its contribution to the spectrum.
trum displays four sets of lines corresponding to the tWoresonance in a wide range of fields, with multiple quadrupole
isotopes distributed on both Gaftand Ga(4) sites. In a  peaks and steps associated with the three nuclear Zeeman
powder, for a given site and a given isotope, the line-shapgansitions 3/2- 1/2, 1/2——1/2, and— 1/2— — 3/2. As evi-
results from the distribution of the angles between the fielyenced in Fig. 5, in this field window only the 12— 1/2
and the EFQ principal axis. This yields singularjties rathefresonance transition is resolved yielding for eaehigbtope
than well defined peaks—the so-called powder line shape. yyq singularities known as the central line singularitites
The quadrupole interaction of gallium nuclei in SCGO is beled, respectively, by Gt and CL+ in Fig. 5). These two
a consequence of the coupling of the nucleus to the EFGjnqyarities are the boundaries of the central line splitting of
produced by the surrounding electronic charges, here mainly,: i, ~ V2Q/27Vrf .3 Compared to the working frequency of

the oxygen ions. As shown in Fig. 2, Gafyis surrounded |, _ 131 \WHz used in Ref. 38, the much lower frequency
by a bipyramid of five oxygen ions. This environment has no

local cubi ‘ d its " d o f of v,1=40.454 MHz allows here to spread the #ne over
ocal cubic symmetry and resufts In a strong quadrupole 1€z | iqer field range. Th&%7Ga(4e) contribution to the spec-
guency as was evidenced in Ref. @gable Il). In contrast

: . . trum is a nearly constant background of small amplitude
with Ga(4e), Ga(4f) is surrounded by a nearly ideal tetra- compared to the®Ga(4f) and 7Ga(4f) lines—the two

hedron of oxygens ions, only slightly elongated along the rominent peaks of Fig. 5—hence there is a better contrast

crystallinec axis. Since a regular tetrahedron has a locahetween the sites. Furthermore, overlap between the &a(4
cubic symmetry, we expect the quadrupole frequency opnd Ga(4) lines is also minimized at this radio frequency.
Ga(4f) to be vo(4f)<wg(4e). This agrees with Ref. 38 \we now focus on thé®7'Ga(4f) line of Fig. 5. In these
where the Ga(#) quadrupolar effects were not detected at afayorable experimental conditions, it can be seen that both
frequency ofy, (=131 MHz. The asymmetry parametgr  4f peaks are flanked by two shoulders, the so-called satellite
which quantifies the deviation of the EFG from axial sym- singularities(labeled, respectively, by Satand Sat- in the
metry, is, in principle, close to zero for both sites as theymiddie panel of Fig. § associated with the 3/21/2
share a rotation axis along (Sat-) and the —1/2— —3/2 (Sat-) nuclear transitions.
We present in the top panel of Fig. 5 a field sweep specThe detection of the satellite singularities is a clear indication
trum, obtained at/,;=40.454 MHz andT=80 K for the  of the existence of quadrupole effects in tA&7'Ga(4f)

A. Spectral analysis of G44f)
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304 3.06
* I
. i# \ °"Ga
~| 8 & &
o & p=095;
S| BN &
- § ‘{b‘b * “Gaf
y ) 3.05 3.10 3.15
H (Tesla)

3.85 3.90 3.95
H (Tesla) FIG. 7. A field sweep centered on théGa(4f) central line
performed afT =150 K. The solid line is a multiple Gaussian fit.
Inset: pymr versusp. The open and closed symbols are, respec-
tively, the Cr concentration evaluated by direct integration and by
multiple Gaussian fits. The dashed line is the expected value from
neutron/x-ray diffraction.

FIG. 6. Field sweeps of th&Ga(4f) and the”'Ga(4f) lines at
T=150 K. The closedopen symbols represerf‘Ga ("*Ga). The
top abscissa is scaled to the bottom by a factor
59(Q?/v)/™(Q?/y)=3.209 to evidence the quadrupole structure in

; o7
the lines. The hump at3.065 T is "Ga(sub). agreement with expectations. To confirm the isotropic nature

of the shift, we performed a self-consistency test by calcu-
spectrum, implying also a central line splitting for G&f4 lating the field positions of all the quadrupole singularities in
To emphasize this central line splitting, we present in Fig. 6Fig. 5. This is readily done using the three parameters
narrow field sweeps of both isotopes &t=150 K. The vq(4f), n(4f), andK determined previously and the set of
sweep ranging from 3.820 T to 3.960 T covers f@a(4f) equations of Ref. 39. As shown in Table Ill, the calculated
line (bottom abscisgavhereas the sweep ranging from 3.026 positions are in excellent agreement with the experimental
T to 3.069 T covers the'’Ga(4f) line (top abscissa As  ones.
shown, the two central lines match since we expanded the Finally, concerning the quadrupole interaction in all the
field window of "*Ga(4f) by a factor 8(Q?%/y)/"(Q?%y)  other SCGO samples studied, no appreciable change was
=3.209, i.e., by the ratio of the central line quadrupolarevidenced invg(4f) and 5(4f). In conclusion, the Ga(®
widths expected for the two isotopes. Figure 6 also indicatesentral line is narrow enough in all the samples to allow
that the structure observed in thé 4ne is dominated, at following accurately therl variation of the shift and of the
these temperatures, by quadrupole effects. In particular, thinewidth.

anisotropy in the shifik, which could, in principle, yield

additional structure to the line, is small, i.e., the shift is iso- B. Gallium substituted on the Cr sites
tropic (K=K). This conclusion is further supported by a In Fig. 7 we compare thé’Ga spectra obtained for the
calculation, presented below, afl the field singularities. p=0.81, 0.89, 0.95 samples aT=150 K and v

We now turn to the evaluation of the quadrupole param—=40.454 MHz. Care was taken to ensure the same experi-
eters of ®"iGa(4f). This was carried out using the field mental conditions. The field sweeps of Fig. 7 cover a narrow
positions Hg;,4 Of the quadrupole singularities determined field window 6H (from 3.00 T to 3.15 T centered on the
from Fig. 5 and reported in Table Iil, which depend only on central line of "*Ga(4f) (H~3.05 T). Two features differ
the three parametergg(4f), 7(4f), andK, provided the between the sample¢l) The line atH~3.065 T, whose
shift is isotropic:Hgjng= H(vQ,n,K).39 We evaluated the®4  integrated area decreases with increaginghich is, there-
quadrupole parameters from the singularity positions ofore, "*Ga(sub);(2) the constant backgrounil(p), which
9Ga(4f)Sat, ®9Ga(4f)Ct*, and ®9Ga(4f)S¥*. At T  decreases with increasimy “*Ga(sub) and a part di(p)
=80 K, the shift isK=0.028%5). The extracted quadru- are, therefore, all the contributions of the nonstoichiometric
pole parameters are presented in Table Il and are found igallium to the "*Ga spectrun{®

TABLE lll. The field positions of the 4 quadrupole singularities in Fig. blg;,q are the fields where each

singularity was found experimentally alhiﬁﬁ,'g are the calculated fields where the singularities are expected.
calc

The missingH i, correspond to the field singularities used to perform the calculation.

Sing. "Hsing (T) *Hsing (T) "Hhng (T) *Hsing (D
4fct- 3.0252) 3.8391) 3.0262) 3.8382)
4fctt 3.0361) 3.8651) 3.0352)

4fSat 2.9249) 3.6288) 2.9219)

4fSatr 3.1377) 4.0668) 3.1397)
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Since the nonstoichiometric gallium is present on the 1.0
three Cr sites of SCGO, one would expect to detect three
gallium lines and not a unique @Galb line. To gain insight
into this problem, we studied the spectrum of the parent and
nonmagnetic compound Sr8,9 (p=0). The spectrum al-
lows to evidence sizeable quadrupole effects on thke 12
[*vo=5.1(1) MHz and »=0.47(3)] and on the 4,
[vo=1.6(1) MHz andn=0.03(5)] substituted sites, oth-
erwise nonmeasurable in the magnetic compoupdsq).**

The quadrupole effects on theaite are negligible {'vg
~0.3 MHz and»~0). Turning back to the spectra of Fig. %900
7, the "*Ga(sub) line is the unresolved sum of tha Bne
and of the 1R and 4f,; quadrupole central lines of substi-
tuted gallium, whereas the backgroub(p), in addition to FIG. 8. Typical highT field sweeps of the"Ga(4f) central

the Ga(4) and Ga(4) satellite contributions mentioned in line.

Sec. Il A, contains the sum of the satellite contributions of

the substituted gallium. the shift of the line, which as we establish allows us to probe

In order to evaluate the Cr concentration of our sampleslirectly the susceptibility of the kagont#layer, and the line-
using Ga NMR pyur), We determine the intensitiég; and  width, which in contrast yields information on the distribu-
lus(p) of, respectively, the’'Ga(4f) central line and the tion of the internal local fields in the kagorbdayer. We also
"Ga(sub) line of Fig. 7. To do so, we evaluate the integratedriefly describe the analysis performed to extract these spec-
area of both lines corrected for the transverse exponentidgfal parameters.
relaxation [ T,(sub)=78(2) us and T,(4f)=50(1) us].

Isus(P) andl ¢ are, respectively, proportional to the amount

of gallium present on the three substitution sites and on the

4f site. The lines are well separated in the 0.95 sample, The Ga(4) spectra were recorded in a widerange,

so thatl g,i(p) andl 4 are evaluated separately. For the morefrom 5 K to 410 K. Up to 200 K, the spectra were ob-
diluted samples, the intensitl,; is fixed to thep=0.95 tained in a sweep field set up with a working frequency of
value as the amount of gallium on thé dite is independent ¥;t=40.454 MHz. For 150 KT=<410 K, the spectra
of Cr concentrationl,,(p) was then evaluated either by were recorded in a static field o7 T by a swept-
direct integration of the spectrum over the field windéw  frequency variant of the field step spectroscopy meffiod.
and subsequent subtraction of bdtfp) SH and |, or by Our data can be sorted in two distinct temperature domains,
reproducing all the lines with a minimal three-Gaussian fittypically T=100 K andT<100 K.

and an additional constant backgroungb) [one Gaussian Atypical series of hight spectra (100 KT<180 K)is

for the "*Ga(4f) line with an intensity fixed to th@=0.95  presented in Fig. 8 for the=0.95 sample. The field window
value, and two Gaussians fé!Ga(sub), the area of which (from 3.00 T to 3.08 T covers the central line of'Ga(4f).
yields I 5,]. From the ratiol g/l 4s, We can extracpymr- Figure 8 is representative of the evolution of GE(4t T

In the inset of Fig. 7 we show the variation pf,s with the =100 K for all the samples studied. The line shape is nearly
concentratiorp determined by x-ray and neutron diffraction. constant with temperature, as dominated Toindependent
Whatever the method emp|oye@ntegration or mu]tip]e quadrupole effects, and shifts towards low fields with de-
Gaussian fits we notice a perfect agreement between thecreasing temperature. The shit which is experimentally
different characterization methods. Simmgur is equal top, ~ Measured by the position of tHéGa(4f) " singularity and
we conclude that the actual chemical content corresponds #¥ performing minor quadrupole correctiofsee Sec. I,

the nominal concentration. therefore increases when the temperature is lowered.

Incidentally, Ga NMR proves to be quite an accurate tool TheT dependence of botk and the width changes at low
for determining the Cr concentration in SCGO, especially forT- We present in Fig. 9 spectra ranging from 5 K to 50 K
dilutions as low as 5% or less where the other techniques af@r the p=0.95 samplegtop) and thep=0.81 sample(bot-
beyond their sensitivity limit. For the samples wjth>0.95,  tom). The field window covers the'Ga(4f) line, but is
we did not find any further decrease of thg, value, which  larger than in Fig. 8, from 2.90 T to 3.15 T. Three important
confirmslocally that it is impossible to synthesize samples features should be noticed.

beyond thep=0.95 limit found through x-ray diffraction. (1) The line now shifts toward the high fields and hetce
is decreasing with the temperature. Howewerdoes not

reach the zero value, i.e., tHéGa(4f) line is never centered

at the reference valuéH,q¢=v,¢/"*y=3.116 T. The com-

parison of the two series of spectra establishes that the
To appreciate the experimental evidence of the propertieshange in the shift direction is not affected by the dilution.

we discuss in the following sections, we present here the (2) The width increases with decreasing temperature. The

dilution and theT dependence of the rak’Ga(4f) NMR  quadrupole structure that can still be noticed on the

spectra. The main relevant physical parameters of interest are50 K spectrum of thep=0.95 sample is progressively

Norm. Int. (arb.)

A. Experimental data

IV. DILUTION AND T DEPENDENCE OF THE Ga(4f)
SPECTRUM
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FIG. 9. Low-T field sweeps of 'Ga(4f) for thep=0.95 sample
(top panel and thep=0.81 samplébottom panel The dashed line

is a guide to the eye.
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intrinsic high dynamics of the kagontglayer spin system
whenT—0 K. This effect, explicitly evidenced in SCGO by
wSR measurement§?® is taken to be the signature of a
spin-liquid-like ground state. Because of this abrupt decrease
of the NMR signal, % 7iGa(4f) is not a suitable probe for
T<10-15 K. The comparison of the spectra of all the
samples enables us in the following sections to easily sepa-
rate the properties related to the dilution from the intrinsic
properties independent on the dilution.

B. NMR line analysis

Compared to Ref. 32, we employed here a different
method to evaluate the shiK and the widthAH of the
spectra of Fig. 9.(i) For all the samples, we choose a
89.71Ga(4f) high-T reference spectrum dominated by
T-independent quadrupole effediSo(H)]. (i) In order to
recover the lowF broadening of Gaussian natug,(H) is
convoluted by a normalized Gaussian functi@{H) of
width AH. Since it is impossible to fit separately the substi-
tuted and nonsubstituted sites, we explicitly assume that for
the highly diluted samples both sites broaden identically.
This is likely the case in view of the hyperfine coupling
paths. The lowT spectrumSy,(H) is, therefore, simply re-

washed away as temperature is lowered.TAt20 K, the produced by
line is marked by a smooth symmetric broadening of a
Gaussian nature. This broadening is more important for the
p=0.81 sample than for thp=0.95 sample, i.e., the width
is sensitive to the dilution. Thé'Ga(sub) line is no longer
resolved in thisT domain. . . . .
(3) A last feature we would like to underline is the abrupt WhereHs is t?9e7f|eld shift ofSo(H) from which we extract
decrease of the detectéd’’Ga(4f) nuclear population at K. Since the '_]Ga(4f) line lies on a _constant background
T<15 K in both samples. The nuclear population, propor_that results mainly from the contribution of the second gal-

tional to the integrated area of thé #ine, actually decreases UM site Ga(#) (see Fig. 5, the amplitudea and the con-
in the same way in all the samples studigdg. 10. It, stant background/, are employed to readjust the relative

therefore, originates from a dilution-independent mechanisnSPectral weights of the etand of the 4 lines when the
The present result confirms the conclusions of the previou§ansverse relaxatiof, corrections vary differently on the
Ga(4f) NMR study on thep=0.90 samplé? There, the WO gallium sites”® We also restricted our fits to the left side

wipeout of the intensity was assigned to originate from the®f the line, very sharp at high and which has the major

+ o0
Su(H)=a yo+J G(H—H")Sq(H'+Hg)dH'" |,

100+ ;/é;%_f_gg_nén_%_

advantage of not being affected by the Ga/Cr substitutions.
Concerning the values df, we did not find any significant
difference with the method employed in Ref. 32.

75k ¥ C. Magnetic contribution to the Ga(4f)-NMR line:
g & p=072 Shift and width
* = . . . .
50r * i p_g'z; We briefly recall here the relationship between the contri-
! . p_o.9o bution of each gallium nucleus to the Gdj4NMR line and
B« ‘ P=o'95 its local magnetic environment in order to underline what
] o p=u.

can be exactly probed through Gdj4NMR (more details

“"'Ga(4) population detected (%)

0 % can be found in Refs. 38, 41, and)45

0 10 20 30 40 50 Each Ga(4) ngcleus is coupled to its Cr(k anq
Cr(2a) nearest neighbor@in) through a Ga-O-Cr hyperfine
interaction with a hyperfine constant.** We suppose that
FIG. 10. The ®7Ga(4f) population detected by NMR. For the susceptibility in the kagontslayer varies from Cr site to

each sample, the integrated area of thidide is normalized by the ~ Cr site and label it, in a generic manner, pyA Ga(4f) at
integrated area measured in the 20-50 K temperature range, whesf€ i will contribute to the NMR spectrum at a position

it is found constant in temperature. The Ga)4ontribution, con- ~ depending upon the number of the nn occupied Cr sites and
stant in temperature, was subtractdg. corrections were found their susceptibilityy. This corresponds to the shit" in the
quite small and do not affect estimates below 50 K. NMR spectrum for gallium at sitg

144447-8



SUSCEPTIBILITY AND DILUTION EFFECTS OF THE. ..

PHYSICAL REVIEW B 65 144447

'

) 60
K () = . Ax
occupied nn Cr(1R 2a)

(the chemical shift is negligibje The average shift of the
NMR line, which we label b in the following sections, is

simply related to the average susceptibilityover all the Cr
sites. As we establish, the shift corresponds to the frustrated
susceptibility x,ystr» SO thatKe y¢,,str - INStead, the spatial
distribution of K aroundK defines the magnetic width of
the Ga NMR spectrum and reflects the existence of a spatial
distribution of y (as we detail in Sec. VI B, a spatial distri-
bution of the hyperfine constant or a distribution related to
the presence of Cr vacancies in the nuclear environment is

negligible and cannot justify the loW- broadening ob-
served.

V. KAGOME BILAYER SUSCEPTIBILITY: EVIDENCE
FOR CORRELATIONS EFFECTS

As mentioned in the preceding section, the sKifinea-
sures the average kagorbéayer susceptibility that proves
to be unobservable at low through the macroscopic sus-
ceptibility measurements. We show here that Thdepen-

0.2 0.4 0.6

T

0.8 1.0

FIG. 11. Top panelK versusT down to 15 K. A minor second-
order quadrupole correction has been performed. Iiset: versus
T for p=0.95. Bottom panelK versusT plotted using reduced
units. Ccyw and Oy are, respectively, the Curie-Weiss constant

dence ofK gives a sharp evidence for a maximum in the and temperature extracted from the hifif€urie-Weiss fit tok ~1

susceptibility y,,st; @round 50 K, whatever the amount of

described in the text.

dilution. The comparison of our results on the SCGO com-

pound with the different models existing in the literature number of nearest neighbors for a Cr site of the kagome
does not allow us to totally validate or invalidate them. Ourbilayer as the Cr environments of the Ca)2 and the
observations rather favor an image, supported by recertr(1X) sites differ, we find an average exchange constant of
neutron-diffraction data, where the short-range magnetic corj,;,,.~80 K. As shown in Fig. 4, this value is close to the

relations play a central role.

A. An intermediate temperature scale
The T dependence &f for thep=0.81,0.89,0.95 samples

is presented in Fig. 11. The figure is the quantitative evalu

ation of the line shifts of Figs. 8 and B.increases following
a Curie-Weiss law(see below up to a temperature of ;.4
=40-50 K, where it reaches a maximum. Beldy,,, K

decreases, but does not reach zero for the observed tempe

tures (T=15 K). The decrease iK is slightly more pro-
nounced with increasing dilution. For the=0.81 sample,
K(T=15 K)/K(Ta0~0.86, instead of 0.92 for the
=0.95 sample. Although foF <15 K the measurement &f

is less significant since a wipeout of the intensity occurs, w
observed in thep=0.90 sample only a decrease K{T
=7 K)/K(Tpa)~0.77%

The typicalT variation of K ~! is presented in the inset of
Fig. 11 for thep=0.95 sample. The higfi-variation ofK ~*
(T=100 K) is linear for all the samples, suggesting a Curie
Weiss behavior. A linear extrapolation ko *=0 vyields the
Curie-Weiss temperature as determined by NM®R\(r)-
The values ofOyyr are 453(30) K, 469(27) K, and
484(25) K for thep=0.81,0.89,0.95 samples, respectively.
We find here irK a well-known property of the susceptibility

exchange constadt=76(3) K observed in GOz where the
Cr* ions have a local octahedral environment similar to
Cr(12) .2 We also gained more insight on the couplings of
the kagomebilayer through a mean-field analysis of the
high-T shift, detailed in Ref. 45, which allowed us to evalu-
ate the Cr(1R)-Cr(2a) and the Cr(1R)-Cr(1) couplings
(their values are reported on Fig). 4Turning back to the
NMR Curie-Weiss temperatur€) g is of the same order
as the macroscopic Curie-Weiss temperature, although
Bnaller with an increasing difference at higher Cr concentra-
tions. This difference is related to the fact that the suscepti-
bility of the Cr(4f,;)-Cr(4f,;) isolated spin pairs also con-
tributes tox macro, DUt is absent ik since the Ga(#) nuclei
robe only the susceptibility of the kagonmayer (Sec.

B).

The linear behavior oK for T<0yur and the deviation
from this behavior that results in a maximum ko versus
temperature is a common feature of the three samples. It then
stems from a physics robust on dilution, therefore related to
an intrinsic property of the kagomilayer. T, iS @ new
temperature scale for SCGO since it differs substantially
from the two known characteristic temperatures, the freezing
temperatureTy (Tyax/Tg=~10) and the Curie-Weiss tem-
perature Tmax/ Onmr~0.1).

of the geometrically frustrated compounds: the Curie-Weiss

behavior continues to subsist at temperatiiresd yyr-
Assuming the Curie-Weiss value of the kagobilayer to
be (z)JpilayerS(S+1)/3Kg, Where(z)=5.14 is the average

B. Evidence for a two-component macroscopic susceptibility

We compare in Fig. 12 th€ dependence L (left y axis)
and of xmacro (right y axis) for the p=0.95 sample. The
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6 6 4 : . :
/xdef xmacro_' 15 %\ p=0.95
[ ;a '_d 3 Xmacro
42 g _
E \:: ‘¢¢¢¢“3AA
3 4\,1(;) g 5 "9*e,ee¢¢¢¢¢¢AA
2 2 %
I H:
408
0 : .
0 100 200 300
FIG. 12. K (left) and x\nacro (right) for the p=0.95 sampleK T (K)
and xmacro do not follow exactly the same law at high since o .
Xmacro Probes also the susceptibility of the Cf(4)-Cr(4f,;) spin FIG. 13. The three contrlbuthns ¥nacro Obtained through the
pairs. fit described in the text: the kagonbdayer susceptibility ffustr),

the Cr(4f,;)-Cr(4f,;) spin-pair susceptibility ¥4;;), and the Curie

. . . susceptibility induced by dilution)es=Cget/T).
discrepancy between the loWbehavior ofK and xmacro IS PHBIILY y Naer=Coer/T)

quite clear since instead of a maximum in the susceptibility,
Xmacro €Xhibits a Curie-like law at lowT. The difference
betweenK and xmacro IS also perceptible directly on the
spectra of Fig. 9 where an arrow indicates the approximat
position where the maximum of th&Ga(4f) line should
occur if Koy macro- INStead of a model whergacro has a
single component, our results establish that.o yields at
least two distinct contributions. The first onexig st Spa-
tially uniform over the kagombilayer and which is reflected
in K (Sec. IV Q. A second one, nonuniform over the Cr
sites, which is necessary to explain the Curie-like uptur
observed at lowl. We label this contribution agqe¢, Since
Irgasi%ti\c”dvé?e(ca:tssfabclelizgzzdeé IS t:]hee ;?Li?:r?tglllttgemk;him Sec. V). Finally, A is nearly constant witp, confirming the
bilagyer The comngrison of Figy12 establishes on an e)g(pen__ssqmptlon of Sec. Il tha’g the site dilution does not alter in a
mental. ground the conjecture .by Schiffer and Daruka of significant way _the cou_plln_gs In SCGO, hen(_:e that t_he_Ga-

X L -Cr hyperfine interaction is also constant with the dilution.
two-component macroscopic susceptibifity.

The macroscopic susceptibility probes both contributions
at low T. If we also take into account the susceptibility of the C. Discussion
Cr(4f,;)-Cr(4f,;) isolated spin pairs X,air), Xmacro May
therefore be expressed as the sum of three contributions:

The fit t0 X macro fOr the p=0.95 sample is presented in
Fig. 13 and reproduces correctly the evolution of the experi-
mental macroscopic susceptibility in tie>15 K range. In
Gable IV we have reported the fitting parameters extracted
from the three samplgs=0.81,0.89,0.95. The effective mo-
ment is close to the 3.8%g value expected for a €f ion,

and the Curie contributiolC 4. is found to decrease with
increasingp. The values ofC . presented here, even if ex-
tracted from a fit that does not cover the 5<K<15 K
range whereyy. dominates, nevertheless are in good agree-
"ment with those of Table V, where th&ye value is domi-
nantly determined by the very low-region fit of xmacro

We compare here our experimental data for the intrinsic
susceptibilityys,,st, Of the frustrated lattice reflected Kto
the calculations performed for the kagoraed the pyro-

Xmacro= Xfrustr T Xpair T Xdef- (1) chlore networks through different approaches.
Within a classical frame where the minimization of the

The dominant Curie susceptibility of the defecig,er, at Heisenperg_HamiItonian is constructed.on the basis of non-
low T prevents to probey;ye;, through macroscopic mea- magnetlc triangles anq 't.etrahedras, dlfferent authors have
surements. simulated the susceptibility of the kagonamd the pyro-

Using Eq. (1), we can fit theT dependence ofpac,  CHIOT€ NEtwork by Monte Carlo calculatl_oﬁ]_s‘.m'“Al_l these
given some simple remarks and minor assumptions. The models suggest a Curie-Weiss s.usceptlb.lhty, wh|ch extends
dependence of e is known throughk, and for this rea- to low T (T<®), in agreement with the high-behavior _of
son the fit was performed in the 15<KT<350 K range, K (T>100 K). Although these models do not predict a
where we have a full intensity in the NMR signal. This -
range of the fit leads to an inaccuracy in the determination of TABLE IV. The fitting parametersie(4f,i), Caer, and.A for
a possible lowF Curie-Weiss temperature Qfyacro; hence — heP=0.81,0.89,0.95 samples used to reproduggro by Eq.(1).
we assume a pure Curie compongit=Cyes/T to fit the

low-T upturn. The susceptibility,q;, is quantitatively de- P perd(4f,)  Cger (EMUK/Mo)  AX10° (Oelug)
rived analytically(see the Appendix The only unknown pa- .81 4.0(6)g 0.51(12) 3.4(4)
rameters of Eq(1) are the effective momenisg(4f,;) of 0.89 4.5(4ug 0.4510) 3.84)
the CP* ions of Xpair» the Curie constanCq.¢ of the de- .95 4.3(2ug 0.255) 3.92)

fects, and the hyperfine constant
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TABLE V. The parameters of the two-component fityig ..o described in the text. At low dilution, the
fit yields a stronger error.

p C (emu K/mo) 0 (K) Cget (€MU K/mo) O 4et (K) Cget/C (%)
0.72 14.0(2) 467(19) 0.53(3) 2.3(1.0) 3.8(2)
0.81 17.6(3) 650(15) 0.39(3) 0.9(1.0) 2.2(2)
0.89 20.5(4) 752(17) 0.34(3) 0.6(1.0) 1.7(2)
0.90 22.0(6) 792(25) 0.24(3) 0.5(2.0) 1.0(2)
0.95 23.5(7) 826(22) 0.15(3) 0.2(2.0) 0.6(2)

maximum in the susceptibility versus temperature, all agredrustration is even more efficient in preventing correlations
with our results on the absence of a Curie upturn atToas  to develop, moving the maximum i st; dOWN t0 Tpyax
is detected iNYmacro- ~0.10.

The susceptibility for theS=1/2 kagomenetwork has On the experimental side, neutron-diffraction measure-
been calculated by an exact diagonalization of the Heiserments further support this point of view. As mentioned in
berg Hamiltoniart* As mentioned in the Introduction, the Sec. I, neutron studies on SCGO have established that the
ground state is constructed here on nonmagnetic spin singlefsagnetic correlations in the SG phasé<(T,) are short
and a “gap” (A) is predicted between the singlet ground ranged. Mondelli et al. observed recently the neutron-
state and the magnetic spin triplet state. The calculated susiffraction spectrum in a wider temperature range than the
ceptibility hence varies as-exp(—A/T) at low T, with a  previous experiments (1.5 €KT<200 K)>° As shown in
maximum in the susceptibility occurring a&t~0.1J. How-  Ref. 50, the characteristic diffuse peak typical for short-range
ever, it seems difficult to reconcile this maximum with our correlations £~2Xdg.c) develops aff<60 K, precisely
results. First, we would expect to observe Kna much inthe same temperature range where the maximugy,in,
sharper decrease in temperature than what is observed execurs. This maximum is, therefore, the signature in the sus-
perimentally. Second, the energy scaleMfitself does not ceptibility of the development of these short-range correla-
agree with our data. In fact, takinir=80 K, the maximum tions. The feeble decrease in,,s;r Wwe observe simply re-
of K falls at Tj,,,=0.51>A (note thatA should be weaker flects the finite value of at T<T,, 4.
than 0.1 for S=3/2 spins or even disappedf The inter- A recent quantum mean-field theory study also points at
pretation of the observed maximum for SCGO has to bethis direction®! The basic idea here is to explicitly account
researched elsewhere than in the gap predicted by this modébr the magnetic correlations by constructing the ground
We stress that the Gaf NMR intensity loss does not allow state not on interacting spins, but on interacting triangles or
us to probe deeply the predictions of this model, whichtetrahedras of spins. Within this framework, Garé&deva
places the gap in th€<15 K range. But, clearly, our data and Huber calculated the susceptibility of the kagoamel
reveal that other parameters have to be taken into account ftine pyrochlore networks for various spin values, providing a
T>A to explain the origin of the maximum iK vs T at  reference for comparisons to our Ga NMR sHift (their
~0.10. mean-field theory does not account for the existence of a

In this context, it appears natural to seek an interpretatiospatially nonuniform susceptibility responsible for the NMR
in more conventional terms. The maximumKrversus tem-  linewidth broadening, see Sec.)VIn a recent pape¥ they
perature indicates an increasing magnetic rigidity of thealso studied the influence of the lattice dilution on the sus-
kagomebilayer spin network. As in all thd=2 AF systems, ceptibility of these networks. This theory seems to capture
we suggest that the maximum is an experimental signature ahost of the main features of our data: the calculated suscep-
a small reinforcement of the magnetic correlations. The quatibility for the diluted kagomeand pyrochlore networks ex-
siconstancy oK for all p below this maximum{only a slight  hibits a maximum af ,,,~0.159 followed by a feeble de-
decrease is observeis, therefore, an indication that the cor- crease of the susceptibility in the 0050.159 temperature
relations are short ranged and concomitantly do not depennge. Although the order of magnitudes found are very en-
on the dilution. couraging, as we underline in the bottom panel of Fig. 11,

Let us recall the typical characteristics evidenced in thenore experimental and theoretical studies are needed here to
susceptibility ofd=2 AF networks with Heisenberg spins as completely validate this model. Indeed, Garé&ideva and
reviewed in Ref. 49. At highT, thed=2 susceptibility fol-  Huber predict that the susceptibility’s maximum should be
lows a Curie-Weiss law, but exhibits a maximum in the sus{progressively washed out with increasing dilution and even-
ceptibility at a temperaturdl,,,~®, which is a conse- tually disappear(for a dilution of ~10-15% in aS=5/2
quence of the development of magnetic correlationskagomelattice and for a dilution 0f~20-30 % in aS=3/2
However, in contrast witll=3 systems where a long-range pyrochlore latticg, a feature that somewhat contradicts our
order is established af,~®, a d=2 system has a finite observations. Furthermore, as evidenced in the bottom panel
correlation length aT,,,,~® that eventually diverges when of Fig. 11, theT dependence oK for T> T, is dilution
T—0 K. The low dimensionality of the lattice inhibits the independent. This would only agree with the susceptibility
full development of the critical fluctuations. In the case ofcalculated for a diluted pyrochlore lattice, but fOrRCT 5«
the kagomebilayer of SCGO, we suggest that the geometricthe more pronounced decreaseKinve observe is opposite
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creasing in an appreciable way with growing dilution. This
establishes that the origin of this contribution is related to the
Ga/Cr substitution. The nonmagnetic gallium vacancy on the
network must, therefore, induce a perturbation, which affects
the neighboring magnetic &t ions. A paramagnetic defect
is then generated, whose susceptibijty is reflected in the
low-T behavior ofxmacro-

In order to determine the exact low-dependence of the
susceptibility associated with the defects, the contribution to
Xmacro Of DOth x¢ysir @nd xpair Should, in principle, not be
neglected. Sincgy,,sir cannot be determined through NMR
below 15 K, we follow Ref. 31 and conveniently fitnacro
by a two-component expression

O

[ep8

xmm(m'z emu/mol)

FIG. 14. The lowT macroscopic susceptibility of some of the C Cyes
SCGO samples studied. The solid line is the two-componefEdit Xmacro~ 7 @ -|—+—@def- @
(2)] to thep=0.90 sample.

Anyhow, the corrections fronys, sy and xpa;, are small at

to what is predicted for the pyrochlore lattice. Unfortunatelylow T compared toyqes and do not affect significantly the
the Ga NMR intensity loss at<15 K (Sec. IV A) does not analysis. The first Curie-Weiss term roughly takes into ac-
enable us to further verify their model, in particular, to verify count the contribution fronmysi @and xpair, Which domi-
whether there is a Curie-like upturn in the susceptibility fornate at highT. The second term, the more relevant for this
T<0.059. We conclude then that for an adequate comparisection, also Curie-Weiss, quantifies the contribution of
son between data and theory, the influence of the kagomgyes.
bilayer structure should be taken into account in the calcula- The fits, shown by a solid line in Fig. 14 for the
tions. Also, the nonrandom distribution of the nonmagnetic=0.90 sample, were performed in the 5<K<350 K
vacancies in SCGO’s kagontglayer might induce quantita- range for all the samples and reproduce correctly the Tow-
tive differences between the calculated and experimental sugehavior ofy,acro- The fitting parameters are presented in
ceptibilities, as pointed out in Ref. 52. Table V and are in agreement with Ref. 31. The value€ of

The general picture drawn by our overview of the experi-and ® yield an overestimate of~10-20% compared to
mental and theoretical data is that even short-range spin-spthose of Table I. The values &g, are in agreement with
correlations clearly play a major role in SCGO, or more gen+the analysis of Sec. V. As expectd@y.; decreases with the
erally in all geometrically frustrated compounds. Futuredilution and most importantly is found to be only a weak
studies are required in this direction to further uncover thefraction of the constant, Cgy.¢/C~ 1% (Table V). Finally,

low-T properties of these systems. the Curie-Weiss temperatu®y,, which is an indication of
the average interaction between the defects, is negligibly
VI. DILUTION EFFECTS small within error bars except for the=0.72 sample for

which it is at most 2 K.

In this section, we focus on the dilution-dependent sus- Strictly speaking, it should be finally noticed thet,.cro
ceptibility revealed by the NMR linewidth at low. We is not sufficient on its own to establish experimentally
show that the lowF paramagnetic behavior observed in whether the defects stem from the dilution of the kagome
Xmacro Ofiginates from the dilution of the kagontslayer.  bilayer. Indeed, the Ga/Cr substitution on a (% site can,
This feature is observed in nearly all the geometrically frus4n principle, break a spin pair and free a paramagnetic spin,
trated AF compounds and appears as a generic behavior wfich can then contribute to the paramagnetic upturn of
this class of materiaf$: Xmacro- 1N contrast Withymacro, Ga(4f) NMR is not sensi-

Naturally, the macroscopic susceptibility could allow, in tive to Cr(4f,;) and, as presented in the following section,
some way, to appreciate the dilution effects through itsTow allows a better understanding of the dilution effects in
behavior. Though, the multiplicity of the Cr sites in SCGO SCGO.
complicates the analysis. The Gaj4dNMR width not only
enablgs to evid_enpe that the vacancy of a spin on the net- g piution effects through the Ga(4f) NMR width
work, i.e., the dilution, generates a paramagnetic defect, but

also allows to shed light on the more fundamental question In Fig. 15 we present thel dependence (10 KT
concerning the nature of the defect. <60 K) of the lowT width of **"'Ga(4f) (°**"AH) for

five of the seven samples studied. We recover here the prop-

erties mentioned about the raw specf&’’AH increases as

the temperature drops and is very sensitive to the dilution, in
In Fig. 14 we present the loW-macroscopic susceptibil- contrast withK. The lowT behavior of®®"?AH bears strong

ity of most of the samples studied. The IGwparamagnetic similarities to that of xacro- The perfect scaling of the

upturn of xmacro IS Observed at all the concentrations, in- widths of the two isotopes®AH, normalized by the ref-

A. Low-T macroscopic susceptibility
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extracted from the,;=40.454 MHz spectra following the fit de- . .
scribed in Sec. IV B AH is normalized by the reference field B o4 2 B
69.7 ¢ to superimpose results from the two isotop@s explicitly (1-p)

shown for p=0.95). The solid lines are the Curie-Weiss fits

Caernmr/ (T+Ogeynmr)-

5 ; . . : , 08
9 Ve
o p=095("Ga) _— L
‘Macro 7/
< 4f ® =095 ("'Ga) = , 108 &
& ¥ p=0.90 g / o
R B p=0.89 1 S i =
a * p-0381 o o ? E
> 8\ A p=072 g 04 £
E 2r g P 7 e /§ 3
4 LN 3 | o° S)
g 1} _E © 1. ¢ NMR
0.0 - : 0.0
O rom 1
0 10 20 30 40 50 g s " I ]
T(K) o0 |
27 1
FIG. 15. 897 AH versusT for some samples studiet®"AH is 1r 1

FIG. 16. Top panel:Cyes extracted from yxmacro (l€ft) and
Caetnmr (right) extracted from the NMR width?®"AH versus
dilution (1—p). The dashed line is a guide to the eye. Bottom
erence field®®"H ¢ (= v, /°%"ty)—explicitly shown for  panel: The SG temperatufl, of our SCGO samples versus dilu-
the p=0.95 sample in Fig. 15—underlines the magnetic ori-tion.
gin of the lowT broadening {" AHx5%"H, /), in agree-
ment with the prior study on thp=0.90 samplé?

The fact that the®®"'Ga(4f) linewidth increases rapidly
at low T and with the dilution, whereas the shift varies little,
establishes the existence of a susceptibility thagpatially
inhomogeneousver the kagomdilayer, due to the defects
associated with the Ga/Cr substitution. Since the Gpaf-
clei are only coupled to the kagomailayer, the defects

probed by Ga NMR are necessaribcalized in the kagome 16 and 17 indicate that the defects on the Gp(}sites yield

bilayer. S . . s
The effect associated with the dilution is not reduced to aarcon;r;:)ignf[)n I?t(t:la Ilrgg with thaltnor\]/? l;:lomf t?he kago;mt?)([(iavr
mere suppression of a Cr site without any magnetic signaturg co ute Aittie 10 xmacro- ew ol the quantiative

over the neighboring spiné.e., a magnetic defecas indi- analysis ofCg.; presented in Ref. 54, the latter explanation is

b 7 7 the more plausible. Finally, we note in Fig. 16 tl&f. ynmr
cated by the Iargel modlflcatlon'of tf&7'Ga(4f) line shape and Cge¢ are linear with (- p) at low dilutions (>0.90),
at low T. Indeed, in the opposite case, one would expect g

i h hich its f h I | . and become progressively sublinear with—(ft) at higher
In€ shape, which Tesufts ‘from the galium nuclear SpinSy; vions This deviation is directly perceptible in the spectra
coupled to various Cr environments all bearing the sal

9 J € SaMG¢ iy 9, where the full width at half maximum of the
susceptibility. One would, therefore, expect the linewidth to_ 0.81 sample is clearly not four times that of the=0.95

scale with the susceptibility, theld, which varies only by sample.
20% from 60 K to 15 K, whereas the linewidth increases by
one order of magnitude. For this very same reason, a spatial

Cyer extracted fromymacro By EQ. (2) (left y axi9).>® As
shown, the dependencies of bdies and Cyeynmr ON (1
—p) perfectly match, suggesting th&8"AH and xmacro
probe the same susceptibility at oW i.e., xges- This is
further underlined in Fig. 17 by the linear relationship be-
tween 7 AH/H, s and xmacro at low T. Since the defects
probed by Ga NMR are located in the kagobikayer, Figs.

distribution of the hyperfine constant, which yields also a ¢ p-095

width proportional toK, cannot justify the broadening ob- 4} % P=090 e

served and also has to be ruled out. o | ® p-0® L%/ 1
The T dependence of>"AH is correctly reproduced by a = : Pjgg; R

Curie-Weiss law of the formCgeinmr/(T+OgdesnmR), e prias g

where Cyeqnmr IS @ constant and® 4.yymr @ Curie-Weiss n\__-; 2 §’

temperature. The fits are presented in Fig. 15 as solid lines. :3

The values oB y.ynmr are extremely low, with a maximum g -

of ~4 K, and varyrandomly with dilution. Although we ,

cannot exclude completely a Curie-Weiss behavior, espe- S

cially at high dilution, we may consider the evolution in % (10” emu/mol)

temperature off®"’AH as very close to a Curie law. The e

values ofC4.ynmr are plotted as a function of (1p) in the FIG. 17. 89 ™AH versusymacro for some of the samples studied

top panel of Fig. 16right y axis) along with the values of (T is an implicit parameter
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C. Discussion on the nature of the defect ! E ]
1. Models for the localized defects

To our knowledge, two models describe the dilution ef-
fects in a geometrically frustrated system. Both are con-
structed in a classical approach where the ground state cor-
responds to a minimization of the exchange energies on
triangles(or tetrahedrgsof spins.

The most recent model was proposed by Moessner and
Berlinsky*’ The basic idea here is that a paramagnetic mo-
ment in the kagomaetwork is generated when two vacan-
cies are adjacent on a triangliiree adjacent vacancies are
needed for the pyrochlore networkrhe defect corresponds
in this case to a unique spin of the network, and at low

dilution the defect's suscegtibility i8der~ (1~ p)?/T for the FIG. 18. The simulated sweep field central line’dGa(4f) at
kagomenetworlf[f'v(l—'p) /T for the p_erChlo,re netwo'r]k' T=20 KandT=10 K (v,=40.454 MHz) if orphan spin nn to
This prediction is in striking contrast with the linear variation 4, vacancy were present in the kagobitayer of the p=0.95
of the NMR width on dilution reported in Fig. 16. To recon- gample. Also shown is the experimental central line’ta(4f)
cile our data to the theory of Ref. 47, it was suggested in Refecorded fop=0.95 at 20 K(open circles The area of the experi-
55 that the magnetic broadening of the width may reflect anental and of the simulated lines are normalized.
distribution of random local fields«{xq4.r) due to the cou-
pling of each gallium nucleus to the 12 neighboring Cr sites . -
e ; ; =20 K andT=10 K is presented in Fig. 18. As shown
of the kagomebilayer. Basically, the NMR widtiAH would . . . . ’
then'probe the mean deviation of the susceptibility on thesgveizt':]hglrjrtg%ga?)dle;v'vrlgr’ el(ge:?meesr:glugaptg(cjtrllljr]r? nggg daignree
12 sites(and not simplyxgey), thus AHo(1=p)'/T. A 06 95" sample ~35% of the gallium nuclei do not
though appealing, th_|s_ scenario is quite unI|I_<er since the robe an orphan sp,in henee35% of the spectral weight
macroscopic susceptibility measurements, which are insengt '

tive to the effect of a local summation of fields, do not yield yields a shift proportional t@sust- (short dashed line in Fig.
a quadratic (1 p)2 variation on dilution ' 18). The majority of the gallium nuclei probe at least one

The second model—purely empirica—was proposed inorphan spin, so that=65% of the spectral weight yields a

Ref. 31. There, a defect is generated by a vacancy, whicﬁhift dominated by a T/ contribution at lowT (dashed line

perturbs the neighboring spins, uncorrelating them from thé?] F'%‘ 18. Indep;etndek?tly of6t2$ V"’}“:ﬁ ﬁeff’tonle W_Oli:?i
rest of the spin network. These uncorrelated spins were bap-c'efore, expect to observe65% of the spectral weignt to

; p A g . ; hift toward the low fields with decreasing temperature
tized “orphan” spins. Two distinct spin populations then co- S o : . . . .
exist: thef)orphar? spins with a pararﬂagﬁe?ic behavior making/hereas the remaining part is shifted little. This would yield

Int. (arb.)

2.95 3.‘OO 3.I05 3.10
H (Tesla)

up the defect and the frustrated spins outside the defect wit nonob§er\{ed asyn:metrlc broadening of the NMR line with
a susceptibility equal toy,,sir- IN order to examine the ecreasing temperature.

mpicalons of he orohan modelon the GAENR low-  CIoa. madel bl on ophanspi i of e vacancy s
T spectrum, we assume, as a starting point, that the defect phsati y perturbation g y y

: ; . t be extended in space. Can we then imagine the defect
built only on the orphan spins that are nearest neighfyors mus ) . .
of the chanC)(Fig p18) V\?e consider the importan? case of to be made up of orphan spins .that are f|r'st, St_acpnd, th|'rd,
the p=0.95 sampl.e where the dilution is weak enough toetc. neighbors of the vacancy? Since the spin-spin interaction
allow refined conclusions and where the Ga/Cr substitutior}> AF this situation is very unlikely to occd?.As we show

occurs only on the kagomkayers[the Cr(2a) site is not i(lail?m’e?gcﬁéf?s(zgnsctzg/%%rlgd perturbation constructed on an
substituted, see Fig.]3A simulation allows us to model the '

expected line shape. To do so, we start by randomly sup-
pressing 5% of the spins on the kagometwork to account
for the existence of nonmagnetic vacancies. The nn spins of |n Sec. V we showed via the observed NMR shift that
the vacancies are given a susceptibilityul,(def)/T,  y; s €xhibits a maximum in temperature, a common fea-
where uqis(def)~1.5upg (evaluated later in the sectipto  ture for the AF correlated systems. It is, therefore, natural to
account for the orphan spins, whereas the remaining Cr siteseek an interpretation for the origin of the paramagnetic de-
are given a susceptibilitys, ;- Next, we classify the vari- fect also in the general context of the AF correlated systems.
ous nuclear populations along their Cr environments. To conindeed in the AF systems such as the 1 spin chains/ the
struct the spectrum, each population is associated to a quaduasi-two-dimensional spin laddefs, and the d=2
rupole line simulated with the parameters of Table II, with acuprates? it is now well established that a vacan¢yr a

shift reflecting their Cr environment and an intensity magnetic impurity generates a long-range oscillating mag-
weighted by the population size. Finally, the G&ANMR netic perturbation and creates a paramagnetic component in
simulated line is obtained by summing the spectra associatettie macroscopic susceptibility. Tlsgmmetridoroadening of
with all the nuclear populations. The line simulation for the NMR line observed in these systems is to be related to

2. A defect built on AF correlations
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broadened on both sides, i.e., that the broadening is symmet-
ric and scales with the applied field, in agreement with our
data.A nonstaggered polarization would generate only local
fields pointing in the same direction and the NMR line would
then be only broadened on one side, i.e., the broadening
would be asymmetric (as in the orphan spin modé&he
actual shape of the broadenifi@aussian, Lorentzian, ejc.

depends or)(’(F), on the vectoiQ, and on the geometrical
details of the nucleus-spin coupling.

On the macroscopic stand, the vacancy generates a para-
magnetic defect with a macroscopic susceptibility

:(1_p)ﬂeff(def)2 3
Xdef —SKBT )

whereu{%" is the effective moment of a defect. Although
the exact nature of the defect is not well established and is
still the object of theoretical studi€dtwo scenarios may be
conceived.

(1) The defect is the sum of all the polarizations, in other

FIG. 19. A Gaussian staggered polarization of arbitrary intensitywords the magnetizatiom =E;m(F), whose susceptibility
generated by a vacanegenter of the figureon a 50-site kagome s paramagnetic. The Thvariation of the overall moment has
lattice. ¢ is twice the spin-spin distance and the staggered vector ishen no intuitive explanation.

Q=(1/3,1/3), i.e., the vector of thg3x /3 kagoniespin configu- (2) The vacancy generates a localized paramagnetic mo-
ration. ment on the nn spins, which generates the staggered response

'(r) in the spin network. In this case, one needs to under-

the oscillating character of the perturbation. We propose thaétand microsconically why a paramagnetic moment is cre-
the dilution effects of the SCGO kagorhédayer can be de- picaly why & p g

scribed by the same physics of these correlated systems. o aniitatively, the expected NMR broadening is magnetic
We recall first some basics concerning this model. Theand related to* and & by

presence of a vacancy in the AF correlated network of spins

develops a magnetic perturbation, which, in a general fash- Hiof
- *
ion, affects a spin at the lattice positioras AH=AY* F(§,1-p) T (4)
m(r)~x'(NHef, where A is the hyperfine coupling constant between the spin

) and the nucleus is a function of¢ and of the dilution (1
wherem(r), x'(F), andH ¢ are the magnetization, the sus- — ) The form of # depends on the form of' (r).
ceptibility, and the applied magnetic fieldonstant over). The NMR width is sensitive to all variations ihof £(T)
For an AF systemy’(r) is peaked at a given vect@. As  and y*(T) in contrast with the macroscopic measurements.
an example, we choosg (r) to have a Gaussian shape The surprising simple T/variation ofAH we observe by Ga
NMR in SCGO might indicate that once the correlations set
X' (F)=x*G(r- Q)exp( —r2/4&?), in below 50 K, very little changes occur fg(T) and x* (T)
due to the high frustration. ConcerniggT), neutron mea-
where the functiorg(r - Q) is oscillating and periodic i~ surements are very rewarding since they do infer that the
with a periodicity related t&). ¢ is the spin-spin correlation SPIN-Spin correlation is constant with temperature wien

length andy* is the amplitude ofy’(r). This translates into S6£t IK (Sde_lc.t_\)). here the int tion bet the defect
an oscillating polarization of the spin network with a period- ow dilution, where the interaction between the detects

. = can be neglected,/(1—p)x(1—p). The evolution of
icity of ~Q ! and damped over¢. . I B :
In Fig. 19 we illustrate this with a polarization calculated Caernmr With the dilution reflects that af(¢,1-p). Figure

for the kagomenetwork. In the absence of low diluted single 16 indicates thaCqeqnr IS linear with (1-p) at low dilu-

| d ine th ; 6F) and tion, but deviates progressively from linearity at higher dilu-
crystals necessary to determine the exact forny'qf) an tion. This deviation is indeed expected. It can be associated

the nature of the vectoR through neutron-diffraction ex- \jth an “interference” between the polarizations induced by

periments, we assume a Gaussian shapefér) and take  the nearby vacancies. This phenomenon, known now for sev-

the reciprocal vectof=(1/3,1/3) of the so-called kagome eral years, was first evidenced in the case of the Ruderman-

/3% 3 spin configuration. By selecting this vector, we par- Kittel-Kosuya-Yosida polarization in the dilute allo§5lt is

tially account for the effects related to frustration. very important to note tha€g4.ynur likely extrapolates to
The staggered shape of the polarization ensures that treero whenp—1 or in the worst case to a value lower than

NMR line of the nuclei probing the spins of the lattice is the observed values @,.yymr fOor p<0.95. Since the SG
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state occurs at nearly the same temperature in all the samplsiion remains to be elucidated.
and T varies in the opposite way of-1p (bottom panel of Finally, we proposed a mechanism that justifies the exis-
Fig. 16, this clearly demonstrates thtte origin of the SG tence of the paramagnetic defects, which, to our knowledge,
state is not related to the dilution-induced defet¥hether a is the only one that gives a consistent interpretation for both
small residuap-independent Curie term associated with in-the Ga(4) NMR and the macroscopic susceptibility results.
trinsic (topologica) defects might explain the freezing is still Our NMR data point at a defect that possesses strong analo-
a matter of speculation as Cr concentrations higher fhan gies with the defects observed in most of the AF correlated
>0.95 would be necessary to conclude. systems—where the presence of a vacafmya magnetic
To summarize, our NMR and macroscopic susceptibilityimpurity) generates a staggered response from the spin net-
results agree perfectly with a picture of a defect built on thework. Up to now, the dilution in SCGO, or more generally in
AF correlations of the frustrated network. In conclusion wethe frustrated systems, has been considered as a parasitical
now elaborate on the effective value of the paramagnetieffect to be minimized in order to measure the intrinsic prop-
moment detected in the low-macroscopic susceptibility. erties related to the geometric frustration. In light of our
Following Eq.(3) and from theC4.; constant of Table V, results, it is interesting to adopt another point of view. The
we deduce a nearly-independent value for the defect effec- study of the response from the magnetic lattice to a nonmag-
tive magnetic moment of..(?®?~1.5u5 smaller than the netic vacancy can be an indirect way of probing the intrinsic
expected 3.8Z; value for a freeS= 3/2 spin. The weak ratio properties of the frustrated network such&s) or x*(T).
Cyef/C Of Table V is then simply explained in this viewpoint The experimental study and the theoretical models to de-
since  Cyef/C=(1— D)Meff(def) leﬂﬁff(Cr“)%O.lS(l spnbp this response are a yet undiscovered domain of inves-
—p)/p. We can either speculate that the geometric frustratigation for the geometrically frustrated systems.
tion might diminish the efficiency of the polarization induced
by the vacancy, indication that the nature of the defect is
complex, or the paramagnetic defect can be modeled into a ACKNOWLEDGMENTS
S=1/2 spin quantum state. Also, in the case Whegef(deﬂ _
results from the sum of the oscillating spin polarization, Itis a pleasure to thank J. Bobroff, H. Alloul, A. Keren, C.
there is no reason to find a 3/2 value. Further theoreticathuillier, and F. Mila for fruitful discussions.
work in this direction is indeed required to model the defect
and achieve a quantitative understanding of our data.

APPENDIX: SUSCEPTIBILITY OF AN ISOLATED
SPIN PAIR

VIl. SUMMARY AND CONCLUDING REMARKS . . . .
We consider pairs of spins with an AF exchange con-

The SCGO kagomebilayer compound was studied stantJ. Their states are labeled by their total spin quantum
through a local probe over a wide variety of Cr concentranumber S=0,1,2...,%, and lie at energieEs=JS(S
tions. We unraveled properties of the archetype of geometri+ 1)/2 relative to the ground state. The partition function for
cally frustrated compounds, otherwise nonaccessible through independent pairs (2 being the total number of spins
macroscopic measurements. ) involved in pair formationis

Ga(4f) NMR allowed us to observe the kagorbéayer
susceptibilityy frystr - A maximum inys,,sr OCCUrS at a tem-
peratureT ,,,,~0.10, robust to a dilution as high as20%. Z:L_EOB gsexp( — BEs)
No gaped feature is evidenced. The maximum signals the ’

appearance of short-ranged magnetic correlations in thﬁ/heregs is the degeneracy of each level a8 1/kgT. The
kagomebilayer, as observed in all the Aff=2 Heisenberg sum is taken ove6=0,1,2,3. . .,2. We now apply an ex-
SystemsT ;a4iS an energy scale for SCGO, which sets a neWg | fieldH to calculate the susceptibility. The degeneracy

constraint on the theoretical models. il -
is lifted by a Zeeman splittin H)= Hmg so that
A close examination of the dilution effects by Gdj4 y P ﬁms( )=0ueHms

NMR allowed us to establish, on a firm experimgntal ground, N

that paramagnetic defects are present on the kadmlanger. _ _

The defects stem from the vacancies in the spin network, i.e., Z(H) L;o,zs mS;S, exi ~ A(Est Ems)]} '

from the substitution of magnetic &€t ions with nonmag-

netic G&" ions. The defects are responsible for the ®w- where ms=—2s,...,0,...,2 are the Zeeman levels for a
Curie upturn of xmacro- The macroscopic susceptibility, spin S From the expression of(H) we then derive the
therefore, does not probe an intrinsic property of the kagomsusceptibility ofN isolated spin pairs

bilayer at lowT, but mainly a property related to the dilution.
Interestingly, the SG transition is detected precisely in the

low-T upturn of xmacro- AS there are experimental signa-

tures suggesting that this transition is an intrinsic feature of p%
SCGO?*%? this means that the defects do not trigger the keT S geexp(— BE)
freezing, but do freeze at<Tg. The origin of the SG tran- s<0x °° S

N
1

ESS méexp( — BEs)

2
Ng’ug 502 ms=~s,
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The susceptibility of a Cr(#,;)-Cr(4f,;) spin pair 6
=3/2) per formula unit of SCGO is, therefore,

2 X
Xpair:p4fviN

pzztfviﬂgff
T S(s+1)keT
2 ex— BJ)+ 10 exyi — 3B8J) + 28 exf — 683)
X173 exi—BJ) 15 exg —3B3) 17 exg —683)

PHYSICAL REVIEW B 65 144447

where we have introduced the effective momems;

= \/gz,LLZBS(S-l- 1). The value of the AF exchange constant,
i.e., of the singlet-triplet gap, i8=18.6(1) meV? To ac-
count for the dilution effectsy,,,;, is weighted bypf”m, the
statistical probability of having a pair of Cr{4)-Cr(4f,;)
per formula unit of SCGO. The value pf;;  is known from
neutron refinementgFig. 3. Note that in the IlimitT
>J/kg, we recover the sum of twe=3/2 paramagnetic
susceptibilities: P3; ugrd/3keT.
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