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89.71Ga NMR in the kagomelattice compound SrCrg_,Gag,O1
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We report the NMR site assignment 817'Ga in thekagomelattice compound SrGr ,Gas, ,O;9, and
discuss the couplings of the different Ga nuclei with Cr moments. We find thatep & 4lominantly coupled
to the triangular plane, and Gaf{(#is coupled to both th&agomeand triangular planes. The low-temperature
behavior of the NMR signal in Srg&a,0,4 suggests that a slowing down of some spin degrees of freedom
occurs first on th&kagomeplane.[S0163-18208)03717-5

Recently the compound SrgCr,Gas, 019 [SCGOK)]  oxygen regular tetrahedron with G&(O distance of
has been receiving considerable attention as a model systemg646) A. The broken lines in the figure represent such a
for antiferromagnetic spins on thegomelattice'* How-  tetrahedron. Since a regular tetrahedron has a local cubic
ever, its crystal structure is not pukagomesince it has symmetry, there cannot be an electric field gradi&G) in
Cr** ions (of spin 3/2 occupying bothkagome[Cr(1&)] its center(and no quadrupole splitting In contrast, one
and triangulaf Cr(2a),Cr(4f)] layers}® as shown in Fig. 1. Ga(4e)-O bond is different from the other three. This site
Moreover, some Ga ions occupy the Cif4and Cr(1X)  belongs to the point symmet,, and, in principal, will
layers forx>0 (x=0 is not stablg* Nevertheless, SCGO is experience an EFG.
considered to be a good example okagomesystem be- Our echo NMR experiments are performed on SC&O(
cause(i) the nonmagnetic Ga impurities are expected not taat a constant applied frequenéy,, and a varying external
impact considerably the physical properties of Regome
net® (i) the system shows two-dimensional character as
demonstrated by neutron scatterthgnd (iii) the superex-
change coupling on the triangular lattice is expected to be
much weaker than on thkagomelattice (the ratio of the
Cr-O length is~2 between the two layersin fact, the pres-
ence of two types of layers could be useful if one could
probe them separately and compare their physical properties.
As we show here, this can be done wifGa and"‘Ga (|
=3/2) NMR and NQR since there are two main types of Ga
nuclei in the system: Ga@} which is very close to the tri-
angular planes and Gaf#which is in betweerkagomeand
triangular planes(see Fig. L The main purpose of the
present work is to assign each site and nuclear spin transition
to the corresponding peak in the NMR spectrum, although, in
passing, we will also mention the magnetic properties of
SCGO. In our next publication, these properties will be dis- £ 1. The crystal structure of Srga;0,. The Cr(1X)
cussed extensively. forms akagomeattice, and the Cr(#) and Cr(2) form a triangu-

The relevant part of the crystal structure is shown injar jattice. The Ga(#) is in the center of an oxygen tetrahedron
Fig. 1. In the full structure the layers are stacked aswith a local cubic symmetiy as shown by the broken line. The
follows:  Cr(4f)-Cr(1X)-Cr(2a)-Cr(1X)-Cr(4f)-Cr(4f) thick solid lines show possible hyperfine paths connecting a Ga to a
-Cr(1%), etc. The Ga(4) is in the center of a nearly ideal Cr (see text

Gal(4e) Sr
N =8
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FIG. 2. A field sweep of'Ga and®Ga. The top abscissais a  FIG. 3. A field sweep of ‘Ga. The bottom panel emphasizes the
rescale of the bottom one by a factbly/%®y=1.27. The closed detection of satellite transitions.
(open symbols represent'Ga (¢°Ga). The site and transition as-
signment of each peak are described in the text. Theurlineis  der is not clear to us at present.
assigned to the Ga that substitutes Gj(4sites. The The presence of satellites also implies th&Ga(4e) has
696a(4e)f/"2f_°l,2 is hiding under thé®®Ga(4f) peak. an NQR resonance frequency of20 MHz and that

o _ _ _ 8%Ga(4e) has an NQR resonance frequency 1.589

magnetic fieldH,. The echo amplitude is proportional to the (=%Q/71Q) larger. Indeed, both resonances are found. In

numpgr of spins for whicrfe?pp and H, obey a resonance rig 4 we display a point by point frequency swee, (
condition. For Ga nuclei which do not experience an EFG,:O) at a temperature of 80 K. Here, again, the top and bot-
e.g,, Ga(4), all the nuclear transitionsi{—m-—1) obey the ) apscissa represefiGa and"'Ga, respectively, and are
resonance Cpnd't'Oﬁaprf>c yHy, Where_y is the nuclear gyro- linked by theQ ratios. The fact that the lines of the two
magnetic ratio. On the other hand, in a powder sample, eagQyopes overlap implies that they are determined solely by
transition of Ga nuclei which do sense an EFG, e.9., 8a(4 6 quadrupole interaction. The observation of ff&a

yields a resonance in a wic_ie range of fields, with muItipIeNQR frequency also suggests that the peaka10.2 T in
peaks and steps appearing in the spectrum. The-3/2and 5 5 ejongs to the upper field singularity of th%a cen-
the —1/2— —3/2 transitions give rise to so-called satellite tral line. It is therefore IabeleégGa(4e)“’°:”/2 The lower
singularities, and the 1/2 —1/2 transition splits into two - ) ) v2—-iz- == =
singularities also known as central line singularities. field singularity which we labelGa(4e){) ", , is hiding
In Fig. 2 we show two field sweeps of SCGL, obtained  below the peak at 12.52 [Ga(4f) see below.
at T=150 K andf,,=131.0 MHz: one between 9.74 and  To distinguish between the peakstit=9.86 and 9.93 T
10.3 T (bottom abscisgacovering the "Ga line (‘y/2w=  in Fig. 2, we compare in Fig. 5 §&Ga field sweep af
=12.982 MHz/T, "'Q=0.112< 10 2* cn?), and the other
between 12.37 and 13.08op abscissacovering the®°Ga 10000 ,3IO, _ ,Sll, _ ,3|2, _ ,3|3, _ _3|4_ ,
line (®%y/27=10.218 MHz/T, %°Q=0.178<10 ?* cm?). T .
The upper scale is linked to the bottom one by a factor | ¥y T=80K 1
"1y/%9y=1.270 so that all peaks that overlap correspond to
Ga nuclei in a site without quadrupolar effects, therefore
suggesting that the two peaksHit=9.86 and 9.93 T belong
to a Ga in a cubic environment. On the other hand, the peaks
of "'Ga atH,=9.97 and 10.07 T must be the two central line
singularities of a Ga in a noncubic environment. We label

them "Ga(4e)?% %, and 7lGa(4e)f,°2':fll,22, respectively,
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where the subscript stands for the nuclear transition and the I 0; 3
superscript stands for the angleg) in the powder average 2000
where a singularity is expectdédee beloyw This assignment

is supported by Fig. 3, where we depict a field sweep'Ga 4
at a temperature of 50 K anfi,;;=131.0 MHz. In these
favorable experimental conditions it is possible to detect the
Ga(4e) satellites singularities as emphasized in the lower Frequency (MHz)

. . po=ml2
panel. We label these two singularitiéiGa(4e)s5 ,;,” and FIG. 4. A point by point frequency sweepd{—0 (NOR). The

=72 X
71Ga(4e)‘f°1,2ﬁ3/2. Another feature observed in the lower top abscissa is a rescale of the bottom one by a fa%Qr™Q
panel of Fig. 3 is a shoulder at 9 T. The origin of this shoul-=1.589.
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0.10 prrrre T T expect both planes to impact the G&{4oughly equally.
o ] Next we di the nuclear Hamiltonian of Ge(4In
Gald— 3 f,, =131.0 MHz] ext we discuss the nuclear Hamiltonian of GeJ:
008l & Sga ] the spectrum of the Ga@} at T=50 K (Fig. 3) there are
) / ‘1\ ] four important field values: two for the central line singulari-
[ o A ] ties, and two for the satellites singularities. These values,
Z 0.06L / 1 bqo ] together with the NQR frequency, constitute a set of five
St \ cL 1 known numbers. If we assume that the principal axes of the
5 : Y sceoes) ] shift tensor and that of the electric field gradi€BFG) are
< 0.04F i!‘ 3 / ] colinear then the nuclear spin Hamiltonian contains the same
@ [ Sceol) - J ¢l ig ] number of unknowns. We are therefore in a position to de-
2 [ \{o"l- v B ] termine all Hamiltonian parameters from our powder spec-
= 0.02 & /° = ’M%‘% . trum. To do so, we write the Hamiltonian in the usual nota-
[ R E L ] tion as
v g i
U T T 1 P T T 1 PR T T T | M
00 22 126 128 13.0 - T a2 2 2_ |2
: . . . H=—hyl-(1+K)-H,+ [3lz—17+n(15—15)],
Field (Tesla) 6 W

FIG. 5. A field sweep of°Ga in SCGOX) for different values

of X. wherev,=(y/2m)H,, H, is a unit vector in the direction of
the applied field, the principal axes of the shift tenkoare

=150 K andf ,,=131.0 MHz in SCG@L) with SCGQ2.5). colinear with the direction of the nuclear spin operatigrs
Two elements are different between the sampli¢she peak 1y, andl,, v, is the NQR frequencyfor »=0), and O< 7
atH,=12.61 T grows in intensity with respect to the peak at<1 In fact, we expecty=0 due to the threefold rotation
H,=12.52 T when more Ga atoms are introduced @ndhe  symmetry of the Ga(é) site. The signal intensity for a given
shoulder at~12.4 T grows in intensity for increasing We  m«—m-—1 nuclear spin transitio®,,, is given by
speculate that thél,=12.61 T peak, and some underlying
intensity which contributes to the shoulder, represent all non-
stoichiometric gallium. We therefore label tR€Ga peak at
H,=12.61 T(or "*Ga atH,=9.93 T) in Fig. 2 as Gésub,
and atH,=12.52 T(or "*Ga atH,=9.86 T) as Ga(4). The
fact that the Gesub peak position is proportional tg sug-
gests that it originates from a Ga atom substituting for Cr in
a cubic environment. Therefore, the best candidalthough
not perfecy for this peak is Ga in the Cr(f site. From Fig.
2 it is also clear that the ratio of the linewidths of the
*Ga(4) and Yba(4f) scale with th_e ratio O.f theiry. A singularity in the spectrum will occur at a field which
Therefore, the linewidth of the Ga{# is determined by a satisfies the equation
distribution of either local fields or hyperfine couplings. Fi-
nally, it should be noted that it is no longer possible to dis- fapp= Vm(H1 + 0, ®0) 2
tinguish between Ga(} and Gasub below T=50 K (see
Fig. 3. for one of the values ofn. The angleswy,=cos(@,) and ¢g

We now turn to discuss the possible couplings of Ga(4 are determined by two condition(i) they are simultaneous
The shift of the Ga(#) line at T=50 K is 0.02%7). This  solutions of the equations
gallium could not be coupled to its neighboring Cr ions via
dipolar interaction, since the expected dipolar shift is IVm 0 and IVm 0 ®)
~0.001. Therefore, we must consider the hyperfine option as 7 d ’
g%?i?ﬁrg'r&g?fe a(ﬁ?)thrgea?j,)fs)s_gl(iﬁ ?g?fg;(tgf) ?Ou(ﬁ?il?g’ andf (i) they colrrespond to a saddle point in the(H, ,«, ¢)
Ga(4f)-O(4f,12)-Cr(1%). Since G&' and CF* have > ace nNamely,

Pm(HI)“J 5[fapp_ Vi(Hi i, 9)]dQ,

where the polar angleg=cos(@) and ¢ represent the orien-
tation of the field with respect to the principal axes of the
EFG tensor, and, is the resonance frequency between the
m andm—1 energy levels of the Hamiltonian. The full ex-
pression forv,,(H,,u,¢), which is usually obtained by a
second order perturbation theory, is too long to be presented
here and we refer the reader to Ref. 10.

filed 3d shells, hybridization between the two requires P 2 [ g2 72
roughly 10 eV, and is very unlikely. On the other hand, the D= Ym || 2 Pm Ym ) >0. (4)
large and negative oxygen ion in the last two bofstsown dude au? || d¢? P

—r0¥ %o

in Fig. 1 by a thick solid ling¢ could create a covalent bridge
connecting the Cr electronic spin with the Ga nucl2l$ie  In Table | we present for each transitom{m—1) a
Ga(4f)-O(4f,1%)-Cr(2a) bond lengths areRc,_o=1.98  (wg,¢o) pair which solves Eq93), and the resulting form
A, Rsa_0=1.86 A, and the bond angle #=125.32°; for of the resonance conditiofEq. (2)]. The shift valueK,,

the Ga(4)-O(4f,1X)-Cr(1X) bond these parameters are K, andK, are assumed to be in the direction of the quad-
Rer—0=2.06 A, Rg,_0=1.86 A, andg=121.36°. The small rupoIe principal axes. Also shown are the fieldsin which
difference in the angle and length between these bonds couttie peaks were found experimentally. It should be pointed
lead to a stronger coupling to the CHR however, the out that the values of the Ga¢} 1/2— — 1/2 peak position
Ga(4f) is coupled to 6 Cr(12) and only 3 Cr(2), and we do not change within experimental accuracy when the
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TABLE I. The equations relating the applied frequency to external field at which a peak is found in a powder average of a spin 3/2 for
relevantuy and ¢q (see text H, is the field where each peak was found experimentally=ab0 K (see Fig. 3

Transition Moo= @o= fapp=131.0 MHz= H, (T)
3/21/2 0 72 %Vq(l— D+(L+K)n 9.282
1/2—1/2 0 0 ,,g 10.012
_a _ 2
48v|(9 67+ 77)+(1+K)y
Voo —1l2 8Uf (K Ko +vg(15-87+7°) 2 % 2K(7=2)+Kon=5)+3(n—3) 10.110
3(3— 22 —3,d=n- 337 Y
( - 77) Vq | n
AKy— Ky}
31i(n—3)
—1/2—~-3/2 0 72 _%Vq(l_ N+(1+K)y 10.827

Ga(4f) peak is fitted to a Lorentzian and subtracted from thepredict it to be atH;=9.99 T. Experimentally this step is
data. To these four equations we must add the NQRound at 10.00 T as shown in Fig. 2 and is therefore labeled
relationd?> (at T=50 K) f,=20.65(30) MHz "'Ga(de)lo=! .
=vgVl+ 7?/3. This gives five equations with five un-  Finally, our analysis shows that the Gaj4has a smaller
knowns. The only physical solution>0 and O< »<1) of  shift than that of Ga(#) but it is still strong enough to be
these equations which also obeys-0 is K,=0.0035(10), governed by hyperfine coupling. In fact, even the anisotropy
K,=0.0035(10), K,=0.0085(10), »,=20.53), and 5 inthe shift could not be explained by dipolar coupling. Since
=0.050(35). The errors are governed mostly by the width ofGa(4e) is very close to the triangular layers it must be
the NQR line. coupled mostly to it via the Ga@)-O(6h)-Cr(4f) path
However’ for each value ah there is more than one pair (ShOWI’] n F|g 1 by a thick solid I|r)eThe bond parameters

(10,90) Which obeys Eqgs(3). When trying to find the @&r€ Rer—0=2.00 A, Rg,_0=1.83 A, andd=143.36. These
Hamiltonian parameters for all other possible pairs we findP@rameters are very close to those of the Ga(@(4f,1)-

that they do not produce physical solutions or do not obey-"(1%) bond and the Ga@ should have roughly the same
coupling strength to a Cr on the triangular plane as Gp(4

D>0 as required in Eq4). Thus, under the colinearity as- ,
sumptipn for the principal axes, the parameters giv.en. abovi® %ﬁsr (r)gshrlltekaé}%\)/vrgeﬁlsa?g.probe the spin dynamics in the
are unique. Moreover, the gmall value found fris in . kagomeand triangular planes separately, as we shall show
agreement with our expectation. We also perform a consi horoughly in a forthcoming paper. For example, we can
tency test by calculatmg _the position of the step expecteq o, the temperature dependence of the (Fa(dpectra. In
from the 1/2- —1/2 transition atuo| =1 andT=150 K. We  £i5 6 we depict field scans dtp=63.125 MHz and tem-
peratures of 20 and 10 K. At this applied frequency, the

B0 ——T——T—— 7T 89%Ga(4f) peak is in between thégea(zle)f/%iol,z (which
a0k *Ga(4f) SCGO(1) ] was hiding in Fig. 2 and the **Ga(4e){?, "}, peaks. The
c -3 o&e [p=63-123 MHz intensity is calibrated so that tH8Ga’3 "> satellite has the
- 350 -E%g 4 O\O 7 same intensity(corrected by temperature effect®r both
2 200 L 9’ g T=20K ] lines. It is clear from this figure that as the temperature de-
~ (O ° 3 ] creases, thé®Ga(4f) line broadensand loses intensify
% 250 f 23\ much more than that of°Ga(4e). This, in fact, is a well-
N <3 known NMR phenomenon near a phase transition of the
% 200 o spin-glass typ® and, indeed, in SCGO a spin-glass-like
5 phase transition is observed&t=3.5 K (Ref. 2 by suscep-
w150 tibility measurements. Therefore, it seems that at tempera-
100 tures where the Ga@} is not yet experiencing slowing
i down of the spin fluctuations, the Gd(4does. Thus any
50 freezing occurs first on th&agomeplane. This example
demonstrates that the different planes in SCGO can be
058 t 50 t oo t oa t P t o8 probed separately with Ga NMR.
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FIG. 6. A field sweep 0f°Ga at different temperatures. high magnetic field facility and kind hospitality.
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