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The magnetic behavior of the low-dimensional phosphé&esBa,Cu(P0O,), and BaCuRO; was investi-
gated by means of magnetic susceptibility a8 nuclear magnetic resonanteMR) measurements. We
present here the NMR shift, the spin-latti€®/T,), and spin-spin(1/T,) relaxation-rate data over a wide
temperature range 0.02KT<300 K. The temperature dependence of the NMR $(ff) is well described
by theS=1/2 Heisenberg antiferromagnetic chain mofiel C. Johnston, R. K. Kremer, M. Troyer, X. Wang,

A. Klimper, S. L. Bud’ko, A. F. Panchula, and P. C. Canfield, Phys. Rew61B 9558 (2000] with an
intrachain exchange af/kg=165, 151, and 108 K in $SE€U(P0y,),, Ba,Cu(P0O,),, and BaCuRO;, respec-
tively. Deviations from Johnston’s expression are seen for all these compoundsTinépendence df(T) at

low temperatures®*P is located symmetrically between the Cu ions and fluctuations of the staggered suscep-
tibility at g=7/a should be filtered out due to vanishing of the geometrical form factor. However, the quali-
tative temperature dependence of 64 NMR 1/T, indicates that relaxation due to fluctuations around
=m/a (but #w/a) have the samd@ dependence as those @t 7r/a and apparently dominate. Our measure-
ments suggest the presence of magnetic ordering at 0.85 K in B&GGHF kg =108 K) and a clear indication

of a phase transitiofdivergencgin 1/T4(T), 1/T,(T), and a change of the line shape is observed. This enables
us to investigate the one-dimensioAD) behavior over a wide temperature range. We find that 19 nearly

T independent at low temperaturés K<T=<10 K), which is theoretically expected for 1D chains when
relaxation is dominated by fluctuations of the staggered susceptibility. At high temperaturesafiés nearly
linearly with temperature, which accounts for contribution of the uniform susceptibility.

DOI: 10.1103/PhysRevB.71.174436 PACS nunt®er75.10.Pq, 75.40.Cx, 76.66k, 76.60.Cq

I. INTRODUCTION at low-temperatures. Via numerical simulations, an expres-
sion for x(T) accurate for both low and high temperatures
There is presently a lot of interest in the magnetic prop-(5x 102°<kgT/J<5, with kg the Boltzmann constantvas
erties of one-dimensionélD) Heisenberg antiferromagnetic given by Johnstoret al® Dynamical properties 08=1/2
(HAF) spin systems. This is because of the rich physics thathains have also been theoretically investigated. In particu-
they exhibit, in addition to the fact that such systems ardar, work has been focused on the properties measured by
tractable from a computational and theoretical standpoint. Imuclear magnetic resonan@MR) techniques. Sachdéde-
particular, qualitative differences are expected betweemermined the temperature dependence of the NMR spin-
integer-spin and half-integer-spin HAF chains. Although thelattice (1/T,) and the Gaussian spin-spih/T,g) relaxation
integer-spin chains are gappethe half-integer-spin chains rates for half-integer spin _chains foksT/J<1 as
are said to have quasi-long-range orféRO) because of the 1/T;=constant and Il,g>1/\T. Quantum Monte Carlo
gradual spatial decagpower-law of the spin-spin correla- calculations by Sandviksupport these results over an appro-
tion function?3 priate temperature range. These results are at variance from
The magnetic Hamiltonian describing a spin-half Heisen-those for classical spin chair®=, where theory predicls
berg chain can be written a$=-J%;S-S,,, whereJis the  1/T; and 1MT,gxT %2
intrachain coupling constant between the nearest-neighbor Although the one-dimensional (1D) compounds
spins. The temperature dependence of the magnetic suscepuCl,- 2NGHs and KCuR have been experimentally inves-
tibility x(T) for the S=1/2 HAF chain was numerically cal- tigated previously®!the onset of LRQat the ordering tem-
culated by Bonner and Fishtand since then, the Bonner- peratureTy) due to interchain interactions prevents the study
Fisher expression has been used by experimentalists tf true 1D properties down to low temperatures. For the
determine the value of the exchange couplidyfrom the  abovementioned 1D compounds, the rati3,/J=0.084
temperature dependence of the bulk susceptibility. A morand 0.1195, respectively, have been determined. Dynamic
accurate and analytical evaluation of the susceptibility ofand static properties of S2u0; 1D chain have been exten-
S=1/2 HAF chain was done by Eggeet al® which is valid  sively studied?'® Because of the large value af/kg
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(=2200 K) and the very weak interchain couplings, this
compound orders only below 5 K and hence 1D properties
could be studied in a large range of temperature. However
precisely because of this large valueJokg in Sr,CuO;, the
NMR work was limited to the low-temperature region, i.e.,
kgT/J=<0.15. It is clearly useful to examine different com-
pounds that might exhibit 1D behavior in a large temperature
range, thereby allowing for a comparison with theoretical
models and improving our understanding of such systems.
SrL,CUPO,), (Ref. 19 and BaCu(PO,), (Ref. 18 are
two isostructural compounds having a monoclinic unit cell
with space group &,. The reported lattice constants are
a=11.515 A, b=5.075 A, ¢=6.574 A and a=12.160 A,
b=5.133 A,c=6.885 A for SsCu(PQ,), and BagCu(PQ,),,
respectively. BaCuj®,, which differs slightly in structure
compared to the other two, crystallizes in a triclinic unit cell
with space group Pland lattice constantsi=7.353 A,
b=7.578 A, andc=5.231 A¥ In the former two com-
pounds, each Cufsquare plane shares its edges with two
similar kinds of PQ groups. The edge sharing takes place in
one direction, forming an isolatdlCu(P0,),].. chain along  (a)
the crystallographid direction. A likely interaction path of
CW* ions is sketched in Fig. (). As opposed to
Sr,Cu(PQ,), and BaCu(PQy),, BaCuRO- contains two in-
equivalent®’P atoms, where each Cy@laquette shares its
edges with two different PO groups forming chains as
shown in Fig. 1b). Unlike the isolated chains of
Sr,Cu(PG,), and BaCu(P0Oy),, there appear to be pairs of
chains in BaCuRO,. Only Etheredge and Hw# have pub-
lished the bulk susceptibility as a function of temperature for
Ba,Cu(PQ,),. However, the authors failed to comment on
the broad maximum at 80 K presumably because it was sup
pressed by a high Curie contribution present in their sample
In this paper we present, in detail, the magnetic properties
of the 1D copper phosphates,,Su(P0,),, Ba,Cu(POy),,
and BaCuBO, using 3! NMR as a local probe. NMR is
regarded as a valuable tool for the study of microscopic (b)
properties of 1D chains, especially through the studies of the
NMR shift (K), the spin-spin relaxation ratd /T,), and the
spin-lattice relaxation ratél/T;). We report on measure-
ments of the bulk susceptibility(T) for 1.8 K<T<400 K
andK(T), 1/Ty(T), and 17T(T) of 3P NMR in a large tem-
perature rangd0.02 K<T=<2300 K). This range not only
covers temperatures well below/kg but also up to
~1.8)/kg for SrL,CuPQO,), and BaCu(PO,),, and up to Polycrystalline samples of Su(PQ,),, BaCu(PQy),,
T~3J/kg for BaCuRO,. The experimental details concern- and BaCubO, were prepared by solid-state reaction tech-
ing sample preparation and various measurements are givengues using BaC(99.9% purg, SrCO; (99.999% purg
in Sec. Il. Section Il contains our experimental results, and &CuO (99.99% purg and(NH,),HPO, (99.9% pur¢ as start-
detailed discussion about the results is presented in Sec. I\hg materials. The stoichiometric mixtures were fired at
Our work on these compounds strongly suggests that the§00 C (Sr,Cu(PQy,),), 700 C (Ba,Cu(PQ,),), and 650 C
are some of the best examples®#1/2 1D HAF systems. (BaCuBO-) for 120 h each, in air, with several intermediate
In the course of our work, magnetic susceptibility and heagrindings and pelletization. Finally some amounts of each of
capacity of SJCu(PQy),, Ba,CU(POy),, and BaCupO; were  the samples were annealed at 400 C under a reducing atmo-
reported by Beliket al?%2! They found the exchange con- sphere(5% H, in Ar) in an attempt to reduce the Curie con-
stant (J/kg) to be 144 K for SCUPQy),, 132K for tribution in the bulk susceptibility. Nearly single phases were
Ba,Cu(PQy),, and 103.6 K for BaCuf®,. Presence of any confirmed from x-ray diffraction, which was performed with
LRO was not seen from specific heat measurement down ta Philips Xpert-Pro powder diffractometer. A Cu target was
0.45K for SpCu(PQ,), and BaCu(PO,), whereas used in the diffractometer with,,=1.541 82 A. Lattice pa-
BaCuR0O; showed ordering at 0.81 K. rameters were calculated using a least-squares fit procedure.

FIG. 1. Schematic diagram diCu(PQy),].. linear chains(a)
propagating alongp direction for (Ba/Sp,Cu(P0Oy), and(b) along
the c direction for BaCuRO;. The possible interaction paths are
shown by solid lines between atoms.

Il. EXPERIMENTAL DETAILS
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' ' ' ' radio frequency(»;) of 95 MHz. 1/T; was measured down

to 0.02 K following the same procedure as described above
using 7/ 2 pulse of width 15us. Lower rf power(and con-
sequently longer pulse widthsere used to avoid rf heating

of the sample. Measurements were also done in a low-field
of about 4 kG (v;;=6.8 MHz), where the NMR line was
narrow and inversion of the nuclear magnetization by a
pulse of width 30us was assured. The data from low-field

3H  BaCuPO,), .

x (10 cm®mole)

Sr,Cu(PO,), . .
. . . . measurements almost reproduce the high-field data.
0 100 200 300 400
T(K)
Ill. RESULTS
FIG. 2. Magnetic susceptibilitYM/H) vs temperaturel for A. Bulk susceptibility

SKLCU(PQy),, BaCu(POy),, and BaCuRO; in an applied field of ] o
5 kG. The solid lines are best fits of the data to Eq. Magnetic susceptibilitie(T) (=M/H) for all the three

compounds were measured as a function of temperature in an

The obtained lattice constants arga=11.4965) A, applied field of 5 kG(Fig. 2). The amount of ferromagnetic
b=5.0692) A, c=6.5663) A], [a=12.1382) A, impurities present in our samples were estimated from the
b=5.1231) A, ¢=6.8681) A] and [a=7.3382) A, intercept ofM versusH isotherms at various temperatures
b=7.5612) A, c=5.21711) A] for SLCU(PQy),, and were found to be 19, 12, and 30 ppm of ferromagnetic
Ba,Cu(PO,),, and BaCuRO;, respectively. These are in F€" ions for S,CU(PQy),, BaCu(PO,),, and BaCugO;,
agreement with previ0u5|y reported validéslo respeCtively. The data in Flg 2 have been corrected for these

Magnetization(M) data were measured as a function of ferromagnetic impurities. As shown in the figure, all the
temperature T (1.8 K<T<400K) and applied field Samples exhibit a broad maximum, indicative of low-
H (0<H<50 kO using a superconducting quantum inter- dimensional magnetic interactions. With decrease in tem-
ference devicéSQUID) magnetometer. perature, _susceptlblllty Increases in a Curie-Weiss manner.

The NMR measurements were carried out using pulsed NS Possibly comes from chain ends, natural defects, excess
NMR techniques orfiP nuclei(nuclear spin=1/2 and gy-  ©XY9en, and extrinsic paramagnetic impurities present in the
romagnetic ratioy/(2m)=17.237 MHz/7) in a large tem- samples. No obvious features associated with LRO are seen
perature rangé0.02 K= T <300 K). We have done the mea- for 1.8 K=T=<400 K for any of the samples. A substantial

surements at two different applied fields of about 55 kG ancreductmn of Curie terms was achieved by annealing the

; - : samples at 400 °C in an atmosphere of 5%itdAr. Similar
gSKEA’H\;VZﬁB gogrr&srﬁ); nr?astg eLE:SeOIJ requenciet) of about experiments in SCuO; and YBaNiG; lead to reduced Curie

For 2 K€ T=<300 K, NMR measurements were done in aterms?2'23 The data in I_:ig. 2 per_tain to SIu(PQy), gnd
55 kG applied field with a*He cryostat(Oxford Instru- Bazgu(PO4)_2, af‘”e"_’"ed in a reducing atmosphere. Sm_ce the
ments. Spectra were obtained by Fourier transfdifi) of ~ Curie contribution in the case of as-prepared BafyHs
the NMR echo signals using a/2 pulse of width of about not large, we did not treat this sample in a reducing atmo-
4 us. The NMR shiftk(T)=[v(T) = v,e]/ v1f Was determined sphere. ) .
by measuring the resonance frequency of the sainiB] In order to _f!t the bu_lk susceptibility data, we assume that

- . the susceptibility consists of three terms
with respect to a standard;FO, solution (resonance fre-
qguencyv,e). The spin-lattice relaxation ratd./T,) was de- C
termined by the inversion-recovery method. The spin-spin X=xot m+Xspin(T)v 1)
relaxation ratg1/T,) was obtained by measuring the decay
of the echo integral with variable spacing between #i@  where xs,i(T) is the uniform spin susceptibility for a
and ther pulse. S=1/2 1D HAF system given in Ref. @expression corre-

In the 0.02 K<T<10K range, NMR measurements sponding to “fit2’). This expressioricontaining the Landg
were performed using 2He/*He dilution refrigeratoOx-  factor andJ as fitting parameteysis not reproduced here
ford Instrumentswith the resonant circuit inside the mixing because it is somewhat unwieldy. The first teggis tem-
chamber. Spectra were obtained by field sweeps at a constaperature independent and consists of diamagnetism of the

TABLE |. Values of the parametegq, C, 6, andJ/kg) obtained by fitting the bulk susceptibility to Eq.
(1) for each of the three samples.

X0 C 0 J/kB
Sample 1073 cm®/mole 1072 cm® K/mole K K
SLCUPO,), 0.005+0.001 10.6+0.6 11 152+12
Ba,CuPOy), -0.15+0.02 6.840.25 0.5 146+10
BaCuR0Oy -0.07+£0.005 1.6£0.06 0.4 108+3
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core electron shell§x.,e and Van-Vleck paramagnetism 800
(x,,) Of the open shells of the Ctiions present in the (@)
sample. The second ter@/(T+6) is the Curie-Weiss con-
tribution due to paramagnetic species in the sample.

The average Landg-factors determined from an analysis
of the powder spectra from electron paramagnetic resonance 'g
(EPR experiments on our samples were found to be 2.15, X3
2.15, and 2.2 for SCulPQy), BaCulPQ,), and X £
BaCuBO;, respectively. Our experimentad(T) data were > %MO
fitted using the abovg values(the solid lines are the best fits 400
in Fig. 2 and the extracted parameters are listed in Table I. 400 3

Adding the core diamagnetic susceptibility for the indi- TH
vidual ions?* the total yere Was calculated to be 0 100 200 300
-1.39x10% cm®/mole,  -1.73<10“%cm*/mole, and T (K)
-1.29x 104 cm®/mole for SECu(PQ,),, Ba,Cu(PQ,),, and
BaCuRO;, respectively. The Van-Vleck paramagnetic sus- (b)
ceptibility for our samples estimated by subtracting
Xeore from  xo gives  x,,=14.4x10°° cm®/mole,
2.3xX10°cm*/mole, and 5.%10°cm’/mole for
Sr,Cu(PQy),, Ba,Cu(PQy), and BaCuRO, respectively.

sr,Cu(PO,),

o exp
fit

Ba,Cu(PO,),

o exp.
fit

1000

These values are comparable to that found ¥€80,.12 The E 800
Curie contributions present in the samples correspond to a = I
defect spin concentration of 3, 1.8, and 0.4% for x g
Sr,Cu(PQy,),, Ba,Cu(PQ,),, and BaCuRO-, respectively as- - g% e
suming defect spils=1/2. 500 % P
B. 3P NMR ! T
1. NMR shift 0 100 200 300

T(K
NMR has an important advantage over bulk susceptibility “
for the determination of magnetic parameters. Although the
presence of a Curie-like contribution restricts the accurate
determination ofys,i(T) and hencel from x(T), in NMR
this paramagnetism broadens the NMR line but does not con-
tribute to the NMR shiftk. Therefore, it is more reliable to

1000

extract theysi(T) andJ from the temperature dependence E 800r&
of the NMR shift rather than from the bulk susceptibility. S T
From Fig. 1 it appears that in all the compounds e¥éhis x _
coupled to two C&' ions via a supertransferred hyperfine s00lt &

interaction mediated by oxygen ions in its neighborhood. All
the NMR data reported in this paper correspond to samples
of SL,Cu(PQy), and BaCu(PQy),, which were treated in a

400

reducing atmosphere as described in Sec. Il, while the data 0 100 200 300

for BaCuRO; correspond to the as-prepared sample. We T (K)

note here that we also did NMR measurements on the as-

prepared SICu(PQ,), and BaCu(PQ,), samples (for FIG. 3. ¥P shiftK vs temperaturd for (2) SLCU(POy),, (b)
T>10K) and found no differences with respect to the B&CU(POy), and(c) BaCuRO;. The solid lines are fits of E2)
samples that were treated in a reducing atmosphere. in the temperature range, 10<KT<300 K and then extrapolated

NMR shift data as a function of temperature are shown irloWn o 0.01 K. Inset shows vs T on a logarithmic temperature
Fig. 3. The samples exhibit broad maxima at different tem-Scale for improved visualisation of the loWdata.

peratures: ~100 K for SpCu(P0O,), =~90K for

Ba,CU(PQy)2, and=~70 K for BaCuRO;, indicative of short- The conventional scheme of analysis is to first determine
range ordering. Toward lower temperatur€s<20 K, the  the spin susceptibilityas done in the previous sectjoand
NMR shift K(T) shows a plateau as is demonstrated by thehen plotK versusysp, With T as an implicit parameter. The
semilogarithmic plot in the inset of Fig. 3. In the sub-Kelvin exchange coupling) is obtained from the susceptibility
region, the NMR shiftK(T) of all our samples decreases analysis, while the slope of th€ versusyq, plot yields the
steeply. The falloff appears belovksT/J=0.003 for total hyperfine couplindA between the’’P nucleus and the
SrL,CuPQ,), ksT/J=0.0033 for BaCu(PQ,), and two nearest-neighbor Gt ions. As an example, such a
kgT/J=0.01 for BaCuRO;. K= Xspin PlOt is shown in Fig. 4 for BaCuf®,.
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TABLE Il. Values of the parametei&,, A, andJ/kg) obtained

BaCuP,O
1000k 27 by fitting the NMR shift data to Eq(2) in the temperature range
A= (2177 £ 20) Oe/, 10 K<T=2300 K for each of the three samples.
’é‘ KO A J/kB
g 80 Sample ppm O/ g K
X
SKLCU(POy), 4717 2609+100 165+10
500 Ba,CUPOy), 40+15 3364+130 151+6
295 K . ‘ BaCuRO; 73120 2182+20 108+2
12 16 2.0 2.4
Xagin (10® ecm*mole)
2. Spectra

FIG. 4. 3'P shift K vs spin susceptibilityyspin for BaCuRO-.

The solid line shows the linear fit, For all the three compounds tH& NMR spectra consist

of a single spectral line as is expected ferl /2 nuclei (Fig.
) ) ) 5). As shown in the crystal structures in Fig. 1,8u(PQ,),
Since an alg(_ebralc expression for the temperatl_Jre d_epeta-nd BaCu(PO,), have a unique®P site, whereas in
dence of the spin susceptibilitand therefore the spin-shift  g5cyR0, there are two inequivaleritP sites. However, a
is known in this case, we prefer to determihandA simul- - gjq1e ‘resonance line even for BaGa® implies that both
taneogsly by flt'tmg the temperature dependenct 06 the  he31p sjtes in this compound are nearly identical. Since our
following equation: measurements are on randomly oriented polycrystalline
samples, asymmetric shape of the spectra corresponds to a
)Xspin(Ti‘]) (2)  powder pattern due to an asymmetric hyperfine coupling
constant and an anisotropic susceptibility. The linewidth was
whereK, is the chemical shift antll, is the Avogadro num- found to be field and temperature dependent as is shown in
ber. While fitting, g was kept fixed to the value obtained the insets of Figs.(®) and §b) for (Sr/Bg,Cu(PQy), and in
from EPR analysis an&,, A, andJ were free parameters. Figs. 5c) and §d) for BaCuRO, respectively. Although we
The parameter§ and A determined in this manner are con- did not do a detailed analysis of the linewidth, ftsand H
sidered more reliable, since the only temperature dependedependence is likely because of macroscopic field inhomo-
term in the NMR shift is due to spin-susceptibility, whereasgeneities due to the demagnetization effects of a powder
bulk susceptibility analysis is somewhat hampered bysamplé® and paramagnetic impurities.
low-temperature Curie terms. As shown in Fig. 3, the As seen from Fig. &) the NMR spectra of BaCuP;
shift data fit nicely to Eq.(2) in the temperature range broaden abruptly below-0.85 K. We then measured the
10 K< T=300 K vyielding the parameters given in Table Il. spectral line shape in a low fieltH =4 kG) below 0.85 K in

A
K=Kg+|—
Nats

o

95 MHz
- — - 6.8 MHz|

| Sr.Cu(PO,), 1.0
6.8 MHz

)

iBa,Cu(PO,),

max
Intensity (V1__)
o
o
max)
Intensity {1/

o
P

o
o

0.5f

[ o0

FIG. 5. Low-field (H=4 kG)
3p NMR spectra at different tem-
peraturesT for (a) SLCU(PO,),
S A ‘ ' and (b) Ba,Cu(PQy),. The insets
3.80 3.65 3.90 3.05 of (@) and (b) contain the high-

H (kG) field and low-field spectra at 1 K.
(c) and (d) show high-field and
low-field spectra, respectively, for
BaCuRO, at various tempera-
tures below 1 K, showing the sud-
den change in line width. Also
shown in (d) is the spectrum in
case of IC order using E6) and
parameters given in the text.

Intensity (I/1
Intensity (I/1

‘max

o
(54
5 &
o
=

Intensity(I/1__ )
Intensity (/I )

0.0

549 550 551 552
(© H (kG) (@
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order to check whether any features could be resolved. Fig.
5(d) shows the appearance of two shoulders on either side of
the central line below about 0.85 K. This is most likely an
indication of the appearance of LRO. The positions of the
shoulders stay unchanged with temperature, while their rela-
tive intensities increase with decreasing temperature. A more
detailed discussion is carried out in Sec. IV.

Sr,Cu(PO,),

3. Spin-lattice relaxation ratel/T,

Temperature dependencies 9P 1/T, are presented in
Fig. 6. For the 1T, experiment, the central positions of cor-
responding spectra at higb5 kG) and low (4 kG) external
fields have been irradiated. Inset of Figasshows the typi- 250 ¢ 200 ”
cal magnetization recovery bt=55 kG and at two different 150 o*
temperatures. For a spin-1/2 nucleus the recovery is ex- I 2100 ~
pected to follow a single exponential behavior. In =~ S
Sr,Cu(PG,), and BaCu(PQy), (for H=55 kG), the recov- 3 O 0 20 3%
ery of the nuclear magnetization after an inverting pulse was & 100 {Ba,Cu(PO,), T
single exponential down to 2 K, whereas b 2 K, it fit- a ¢ 95MHz 0

ted well to the double exponential, %0 Boao o BBMHz *
%’ ° gwoago o *®

1 M(oc)—M(t))_ p( L) p( L) b 1 10 100
2( M () =Aex Ti +Azex Tis = ® T

(3) 200

where 17T, corresponds to the slower rate andl'ldis the Ba,Gu(PO,),
faster componeni (t) is the nuclear magnetization a tirhe ik o s
after an inverting pulse. Since the deviation from single ex- o [ %sg;cmo%o@" A
ponential behavior could be due to the large linewidth and 2 400 | srcuPo,), A
our consequent inability to saturate the NMR line, we also £ |5 o CINCE A
performed experiments at a lower figle4 kG), where the A 4 95MHz &
line is about three times narrowgsee insets of Fig. (&) or S0 A A 6.8 MHZA
5(b)]. However, even in low-fieldwhere the rf fieldH; was - !égl Ak
sufficient to ensure complete inversjaie nuclear magne- olalii s
tization recovery is not single exponential, implying that this 1 10 100
is an intrinsic effect. With increasing temperature, the ratio © TK)

AZ/Al decreases and the recovery becomes single exponen- FIG. 6. Spin-lattice relaxation rate I{ (both high and low
tial for T>2 K. It appears that the longéer, component fields) vs temperaturd for (a) SLCUPOy),, (b) BaCu(POy),, and
comes from thelchaln itself, whereas the faster component i§) gacup0.. In the inset of(a), the normalized nuclear magneti-
associated witd'P nuclei near chain ends. Clearly, at lower ,ation at high field is plotted as a function of pulse separatitai
temperatures, the chain-end-induced magnetization exten@sand 2 K and the solid line is a single-exponential fit for
to large distances from chain en@bereby affecting more sr,cuP0,),. The inset of(b) displays the relaxation rate data for
31p nucle) and, consequently, the weight associated with thesa,Cu(PO,), on a linear temperature scale. In the inset®f the
faster relaxation is more at lower temperatures. From th@&mperature dependence of (KT;T) is presented for the three
experiment, it was found that low-field measurements reproeompounds.

duce almost the sam€, as for high field?® Although we

have measured; down to 0.02 K, since the magnetization

recovery is not single exponential, reliable relaxation rates In BaCuRO,, 1/T, at H=55 kG was measured down to
7 1 -

1/T, could not be obtained below 0.1 twhere the faster 3 K. Once again, the large linewidth prevented us from satu-
component 1Ty has a large weight Figures 6a) and 6b) rating the nuclear magnetization below 3 K. Low-field mea-

display data down to 0.1 K, where it is seen thaf{for . . .
SKLCU(PO,), and BaCu(POy), do not show any anomaly. surements give perfect single exponential recovery down to
g K, and below 2 K it was fitted well to double exponential.

Even at lower temperatures, there was no indication of ) itis cl hat the 17 h h K
divergence of the relaxation rate, indicating the absence dfom Fig. &), itis clear that the IT,(T) has a sharp peak at

any magnetic ordering. For 1KT<10 K, 1/T; remains T=0.85 K, indicating an approach to magnetic ordering. For
constant with temperature and below 0.5 K a slight increasd K<T=10 K, 1/T; remains constant and far=15 K, it
was observed for both Eu(PQ,), and BaCu(PQ,),. At  Varies linearly with temperature. A slight change in magni-
high temperature$T=30 K), 1/T, varies nearly linearly tude in low-field data compared to high-field data may be
with temperature. due to spin-diffusiort?

N
=1

BaCuP,0, BaCuP,0,

=)

-
(42
o
T
3 @
T

)
VKT, T) (10* ppm sec K)™

o » ®
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1000 . — ' 3 temperature compared to elevated temperatures. This in-
] crease of 1T,¢ in BaCuRO; is most likely related to LRO.

100 L v % 535 & IV. DISCUSSION
Sr,Cu(PO,

6.8 MHz

o 0.2K
v 3K
—fitforT=02K

1 1 I

)2

A. NMR shift

The general variation of the shift with temperature fol-
lows the expected behavior of &F1/2 HAF chain, as seen
L . in Sec. lll. A steep decrease KK(T) was observed below
0 o 20 30 ksT/J=0.003 for SyCu(PO,), ksT/J=0.0033 for
(10" us) Ba,Cu(POy),, and kgT/J=0.01 for BaCuRO,.2” This de-
crease ofK is clearly much more than the logarithmic de-
crease with an infinite slope at zero temperature, expected
. from theory (see solid line in Fig. B In SLCU(PQy),,
Ba,Cu(PQy,),, and BaCuRO; (from Fig. 3, the extrapolated
shifts at zero temperature were found to be 400, 590, and
9 580 ppm, respectively. The theoretically expected values, de-
S TK) rived from theT=0 susceptibility® and using the relevam
and K, are 544, 740, and 738 ppm, respectively, for
SrLCUPQy),, Ba,Cu(PO,), and BaCuBRO,;. Among the
o 7K . . .. .
it s various causes for this deviation, one might be the onset of
10 20 30 spin-Peierls order. In such a case, the spin susceptibility
£ (10* us?) (and, therefore, the spin shifshould vanish af=0. How-
ever, our extrapolated=0 shifts are much more than the
1000 T T ] chemical shiftsK, and there is no exponential decrease of
r T | ] 1/T4(T) toward low temperatures. Another possibility is the
onset of three-dimensioné&BD) LRO. In this case, a diver-
gence should have been seen in the temperature dependen-
cies of the spin-lattice relaxation rateTy/as well as in the
spin-spin relaxation rate T). Although this is the case for
BaCuRO,, only a small increase of the relaxation rates is
observed for SICU(POy), and BaCu(POy),. A clear effect is
observed in the temperature dependencieKf), 1/T;,
1/T,, and line shape for BaCy®, at 0.85 K. This estab-
lishes the onset of LRO at 0.85 K in BaCy». However, in
the case of SCU(PO,), and BaCu(PQOy),, while a clear
FIG. 7. Spin-echo decays are plotted as a functiotfaft two ~ anomaly is seen irK(T) at low-temperature, only a weak
different temperatures fof@) SLCUPO),, (b) Ba,Cu(PO,),, and  anomaly is seen in T4(T) and no significant changes were
(c) BaCuRO,. The solid lines show the fitting to a Gaussian func- observed either in the low-temperature spectra or ().
tion [Eq. (4)]. In the insets, 1T, is plotted as a function of tem- In summary, the presence or absence of LRO at low-
peratureT. temperatures in S€u(PQ,), and BaCu(PQy,), cannot be
unambiguously established.

Spin-echo intensity

10

1000 —

100

Ba,Cu(PO,),
o 0.08K

Spin-echo intensity

10
0

100

Spin-echo intensity

t? (10* us?

4. Spin-spin relaxation ratel/Tog

Spin-spin relaxation was measured Ht=4 kG, where
the line is sufficiently narrow. The spin-spin relaxation was . ]
found to have a Gaussian behavior, and the (&t&,c) was From field-theory and Monte Carlo calculations, Eggert
obtained by monitoring the decay of the transverse magnet@nd Affleck? found that in case of half-integer spin chains,
zation after ar/2-t- pulse sequence, as a function of the the local susceptibility near an open end of a finite chain has

pulse separation time and fitting to the following equation; 2 large alternating component. This component appears in
the form of staggered magnetization near chain ends, under

)z] the influence of an uniform field. This staggered moment has
+C

B. Low-temperature NMR spectra for BaCuP,04

(4) a maximum at a finite distance from the end and increases as
1/T with decreasing temperature. Analytical expression for
As shown in the inset of Fig. 7, the spin-spin relaxationthe spin susceptibility(l) at sitel were obtained which con-
rate 1 /T, for all the samples is nearly temperature indepensist of the uniform(y,) and alternating(x,, part£® x(1)
dent. BaCuRgO; is the only compound that exhibits a signifi- =x,()+(-1)'xa(1), where the uniform part is nearly con-
cantly enhanced spin-spin relaxation ratd 1y at the lowest  stant and the alternating part is given by

t
M(2t) =M, exp{— 2(_'_—

2G
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——k,TAJ=0.01 (@) expected to be much weakfgig. 8b)] because of the near

L - — K T/J=0.015 Cu site cancellation of the magnetization from the neighboring Cu
B - H .

--------- kTW=0.03 § [ o kim0t sites.

Our low-temperature spectra for ,8uU(PQ,), and
Ba,Cu(PQy,), show a single spectral line without any shoul-
ders on either sides of the central peak. This is in agreement
with our expectations that we are not sensitive to chain-end
700 effects in3'P NMR spectra of these compounds.

In low-field NMR on BaCuBRO,, a sudden increase of
linewidth was observed below 0.85 K along with the appear-
ance of two shoulderlike features located symmetrically on
either side of the central pedkig. 5d)]. If these shoulder-

k,T/J=0.03

Intensity

AH (arbitrary units) like features come from the staggered magnetization of chain
ends, then, as discussed abovEAH/2H,;) should be tem-
kTW=001 T °'PSite (b) perature independent with the shoulders moving outward at
%k TN=0.015] & lower temperatures. But in BaCu®; the shoulder positions

o k,TW=0.015

are temperature independent, suggesting that those features
are not chain-end effects. Furthermore, in case of a structural
phase transition, symmetrically located features that become
more intense as temperature is lowered are not expected.
Even for the case of conventional LRO, a large shift of the
NMR line associated with a large magnetic field at the
nuclear site because of the static electronic magnetization
might be expected. The effect on the line shape seen here
must stem from a magnetic transition possibly with exotic
spin-order. In case of a transition to incommensurd®

-2 -1 0 1 2 3 order, a multipeak NMR spectrum is expectéd recent

AH (arbitrary units) example of this is LiCy0,.32 The general shape of our NMR
spectrum appears to be similar to that in case of a two-

FIG. 8. Distribution functiong(x) which represents the NMR  qimensional phase modulatigin the plane-wave limjt of

spectrum is plotted fofa) Cu site andb) P site. In the insets a8 ho magnetization. The frequency-dependent line shape in
and (b)v (_1)|Xalt(|) and (_1)|Xalt(|)+(_1)|+1Xalt(|+1)x respeCtlvelyl Such a case |S glven by
are plotted as a function of the site indefxom the chain end at two

different temperatures.

Intensity

do

f(v)= :
_ad I (ZW)ZJ VD? - (Av - D, cOSh)>
Xarll v \(v/aT)sinh(27Tl/v) ®) ! ?

(6)

. . . where Av=v—yq (v is the central peak positiprand the
where v=mJ/2 is the spin-wave velocity. The NMR jntegration extends over the regifih v—D, cos¢)/Dy|<1.
spectrum represents the distribution function of NMR A comparison to our spectra in Fig(dd indicates that the
shift, which is equivalent toxar, and has the formg(x)  gyalitative shape near the shoulders and the singularities
=3, f[x~(=1)'xar(1)], wheref takes the form of a Lorentzian. g reasonably well reproduced by Eq(6) with
This expression is valid for in-chain €u site. In our D,=-0.286 MHz,D;=-0.088 MHz, andy,=6.71 MHz. In
compounds*'P is the probe nucleus, which is sensitive to Fig. 5d), thex axis is taken in field unitéwhich is obtained
two nearest neighbor Gtiions belonging to one chairf!P by multiplying the frequency byy/27) to compare to our
NMR line shape is then given by(x)==fx—{(-1)'xal)  experimental spectra. However, the persistence of the central
+(=1)"* (1 +1)}]. Fig. 8 shows the simulated spectra for line down to the lowest temperatures in our spectra suggests
both Cu and P sites choosirido be a Lorentzian with width  that there are regions that experience no significant change of
0.05. the local field. Additionally, the shoulder and the singularity

For kgT=J/33, at Cu site, y; has a maximum at features have been found to shift with temperature for other
1=0.48)/T, which results in features in the spectra on eithercompounds where IC order is fouftlln BaCuRO,, from
side of the central line. With increasing temperature thes@0 to 700 mK, the shoulder and the singularity positions re-
fe_atures on either side of the central peak disappear angain nearly unchanged and as does the central line position.
VT(AH/2H,) (whereAH is the width at the background and In view of this, a clear answer as to the nature of spin-order
Hy is the field at the central pepkemain constant with tem- below 0.85 K in BaCuRO; is lacking. Although in other
perature. This has been seen by Takigataal3 in %3Cu  compounds the IC order is lattice driven, in the case of
NMR spectra of SICuO;. However, the static effects of the BaCuBRO; it might be driven by a frustrating interchain in-
staggered magnetization at tH® site in our compounds are teraction.
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C. Wave vector g and temperatureT dependence of 1T,

In order to study the microscopic behavior of 1D HAF
systems, it is useful to measure the temperature dependence
of the spin-lattice relaxation rate, which yields information
on the imaginary part of the dynamic susceptibilitq, ).

The spin-lattice relaxation rate, in general, is affected by
both uniform (q=0) and staggered spin fluctuations
(q==zar/a). The uniform component leads to T/ T, while

the staggered component givesT]#constanf. At the 3'P
sites, q dependence of I, can be expressed in terms of
form factors as

1T, o« >, [A2 cof(gx)]Im x(q, w).
q

)

We are probing on th&'P nucleus, which is linked to the
Cu spins via oxygen atoms as shown in Fig. 1. Sifféeis
symmetrically located between the Cu ions, the antiferro-
magnetic fluctuations are filtered at tH#® site, provided the

10 K]norm

[T T),

PHYSICAL REVIEW B 71, 174436(2005

Sr,.Cu(PO,),

o exp.

theory

BaCuP,0,

Ao
BN

A exp.
theory

two hyperfine couplings are equal. However, contributions oy

just slightly differing from q=7/a are apparently strong Gy

enough and/or the two hyperfine couplings are unequal and g otemsm AT

result in a qualitative behavior expected when relaxation is 0 Aﬁ

dominated by fluctuations of the staggered susceptibility. 0.00
If one were to ignore the geometrical form factor com-

pletely, the relaxation rate due to staggered fluctuations can

be calculated following the prescription of BarzyRfhHe FIG. 9. Normalized experimental da@pen symbolsas well as

obtained the normalized dimensionless NMR spin-lattice retheoretical curvessolid lineg of (1/T;)nemare plotted vkgT/J for

laxation rate at low-temperaturdl/T,)nom=AJd/(A3T)  SBCU(PO,),; BaCuPOy),, and BaCupO, at low temperatures,

~0.3, whereAy, is A (2hy/(2m)). Assuming the fluctuations 0.1 K<T=<10 K. The data and the theoretical curves have been

to be correlated, I, can be written as 1,=0.3A%/(4J). ~ Scaledto 1 at10 K.

Using this expressiorf1/T,) at the!P site was calculated to

be about 44, 80 s, and 47 s%, whereas our experimen-

tal values are 1578, 20 s, and 25 s, for SLCU(POy),, independent spin-lattice relaxation rate sets in below

Ba,Cu(PQy),, and BaCuRO;, respectively, in the 1 kT ~ ksT/J~0.12 in our compounds. Sandfithas performed

<10 K range. The experimental values are clearly smallefuantum Monte Carlo simulations to calculate the tempera-

than the theoretical ones because of the geometrical forfire dependence of NMR T{ for S=1/2 1D HAF systems.

pected at low temperatures followidg: ferred hyperfine coupling to the on-site hyperfine coupling.
From the results he concluded that in the limit of large and
A1 A 1 negativeR, the nearly temperature-independent 1 $hould
(/T norm=2D \/In T3 In(ln ?) 1+0l— 1 be seen up to temperatures as higtkgle/ J~ 0.5, whereas
In2 = for large and positivéR, the constant behavior would be seen
T at much lower temperatures. In the present case, the on-site
(8)  contribution (relevant for the®'P nucleus is clearly negli-

. . gible since all the spin density should reside on the copper
where D=1/(2m)3?, A is the cutoff parameter given by orbitals and the transferred hyperfine coupling was found to
2\2me“*1J and C (=0.5772157 is Euler’s constant. In Fig.

be positive. As a consequence, temperature-independent
9, we have plotte@(1/T;)/(1/T1)1=10 klnorm Calculated from  1/T; is seen only belovkgT/J~0.12. Above this tempera-
Eqg. (8) and the experimental results of the spin-lattice relaxture, the variation of 17, is linear withT, though deviations
ation rate 17, for our compounds normalized by their val- from linearity are seen at temperatures higher thég [see
ues at 10 K, as a function of temperature. The qualitativérig. 6(b)]. This change presumably signals an approach to
temperature dependence of the experimental spin-lattice réemperature-independent behavior, which should be seen at
laxation rate 1T, agrees reasonably well with theoretical high temperatures in the limit of noninteracting local mo-
calculations in the constant region but below 0.5 K, the exdments. In fact one expects T, T) to be constant when the
perimental increase in SUu(PO,), and BaCu(PQO,), is  q=0 contribution dominates. From our data,(KT,T) is
somewhat more than the logarithmic increase expected thegonstant above 50 K for BaCy®,, while there is a weak
retically. However, complementary measurements are needéemperature dependence for the cases ofC&PO,),
to fully understand this issue. Ba,Cu(PQy,), [see Fig. €c) insetl. This might be because of

0.04 0.06

k,TH

0.02 0.08

Another point to note is that the nearly temperature-
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some residual contribution from the staggered fluctuationscomagnetic chains. NMR shiK as a function of temperature
Since Sandvik’s simulations are limited kgT/J=1, we are fitted well to the recent theoretical calculation by Johnston
unable to compare our results for higher temperatures witlet al,® and the exchange interactiditkg is estimated to be

theoretical simulations. (165+10 K, (151+6 K, and (108+2 K for Sr,Cu(PQy),,
Ba,Cu(PQ,),, and BaCuRO-, respectively. We observed a
D. Spin-spin relaxation rate 1/T, steep decrease of the NMR shiftK(T) below

T=0.003J/kg, 0.0033]/kg, and 0.01)/kg for

Following the treatment of Sachdewand Barzykint® _
spin-spin relaxation is expected to follow a Gaussian behavSrZCU(Po“)?’ Ba,CuPQy),, and BaCuRO,, respectively.

b 1 3

ior with a temperature dependence given by 1/\T.  -ow-field 'P NMR spectra of BaCuf®; shows sudden ap-
Further, the spinon mediated spin-spin relaxation rate can faéarance of broad humps on either side of the central peak
calculated® as follows. The normalized spin-spin relaxation or_T<0.85 K, |nd|cat_|ng the onset of LRO. There are indi-
rate is given by(ﬁ'/Tze)norm:(kBT/J)llzﬁJ/(AZTze)- Divid- cations that the ordering might be incommensurate in nature.

. S The spin-lattice relaxation rate T{ was measured in a tem-
yju(el/-rggct’gi‘n?é(”ﬁgé]@)”"lg“e?nd fgugzgg Iﬁ‘i::zjsl.gttnzt perature range 0.02 K T<300 K. No clear indication of

_ any kind of magnetic ordering was seen in,&u(PQ,),
1/T,c=(44/1.8(I/kgT)¥?, (80/1.8(I/kgT)Y?, and(47/1.9 2
X (3/ksT)Y2 respectively for SCUPOy), BaCUPO,),, and BaCu(PQ,), from the 1/T, data, whereas a clear indi

and BaCukO;. This Ieads tal,g values 3.2, 1.8, and 3.6 ms (Cl?t%g :I) goaYggn?g:: ;;girgg Vﬁi;&ig%gg;ﬁ%%—f
in contrast to our experimental values 269, 255, and 287 B ' r Pl

. follows a nearly logarithmic increase fofF<0.5 K for
respectively, for SICu(PQ,),, Ba,Cu(PQ,),, and BaCuBRO, o
at 1 K. These are almost three orders-of-magnitude small $2CUPQ,),; and BaCUPQ,);, which is expected for a 1D

than the theoretically calculated values. Furthermore, our eeézll2 HAF system. Though the ransverse decays follow

. . - . . )%aussian behavior for all our samples, they result from
perimental spin-spin relaxation rates are temperature inde; P Y

pendent. Clearly, in the present case, spinon-mediated Coglpole—dmole interaction rather than a spinon-mediated inter-

pling does not contribute to spin-spin relaxation. On thegt(;t(')?]n'l Orgfrlegtx ?r?erli:nlf) r\l\t?(ljin?l\élr?ggﬁ; ﬁgtutreesﬁatl:(?r:np&ue?gs
other hand, an estimate of the nuclear dipole-dipole= gy ' 9

mediated relaxationT,~r3/(y2h), wherer is the dipole- one of the best 106=1/2 HAF systems that have been

dipole distancewould seem to explain the observed relax- looked at thus far.
ation rates. This must be primarily because of the small

exchange coupling in contrast to,8u0;, whereJ is an ACKNOWLEDGMENTS
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