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Deuterium NMR in YMn ,D, compounds
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The NMR investigations of YMyD, (x=0.65,1.0,1.5,2.0,2)5leuterides are presented and discussed. The
observations ofD spin echo signals were made for the samples in the paramagnetic state in the temperature
ranges close above their magnetic ordering temperatures. The temperature dependefDigesoinance
frequency,T, andT, relaxation times at the ordering temperature show a divergence which is dependent on the
deuterium concentration. It is shown that the mechanisms of conduction electron interaction and of dipolar or
orbital interactions are responsible for the observed relations between Knight shift and the susceptibility. The
observed concentration dependent relaxation rates are explained on the basis of extended theory of spin

fluctuations.
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I. INTRODUCTION modifies the antiferromagnetic, noncollinear structure of the

pure compound. The crystallographic structure of the hy-

Hydrogen is readily absorbed by the rare-earth and ytdrides is very sensitive to temperature and the hydrogen
trium compounds and induces strong modifications of theicontent! For concentrationg<1.1 tetragonal distortions ap-
structural and magnetic properties. For example, the compear at temperatures below the magnetic ordering tempera-
pounds with manganese show an especially broad variety ¢éire, whereas fok>1.2 up to about 3.5 the cubic structure
transformations induced by hydrogen. These phenomena afémains unchanged in both paramagnetic and magnetically
not completely understood and need further research. One @fdered phase. As it was deduced from the decrease of the
the most suitable compounds to study the influence of hydro€xpansion coefficient in the hydride as compared with pure
gen on the magnetic properties of the manganese sublattice YNz, the spin fluctuations in the hydrides are smaller in the
the YMn, Laves phase compound. paramagnetic rande. o

The magnetic properties of the YMompound are al- Substitution of hydrpgen by deuterium in general does_not
ready well knowr!: At room temperature it crystallizes in the influence the magnetic and structural properties, but gives

. — ) additional possibilities of experiments not possible on
cubic C15-type structurefd3m space groupand is an en-  gamples with hydrogen. In particular it enables neutron dif-

hanced paramagnet wifly,~2.7u5 and giant spin fluctua- - fraction studies to trace spatial ordering of deuterium, and in
tions. At T~100 K the compound undergoes a first-orderthe case of NMR observations usif@ saves the discrimi-
magnetic transition to a complicated helicoidal magnetichation of proton signals from the environment of the sample.
structure with a period of about 400 Rrhis magnetic tran-  The neutron experiments performed on the YMpsamples
sition is accompanied by a large increase of the unit-celproved appearance of the deuterium ordering in temperature
volume by about 5% with a small tetragonal distortion. Therange below 100 ©-°
magnetic properties dRMn, compounds are closely related  In the muon spin rotationgSR) experiments the muon
with the Mn-Mn distance, where for the distances greaterelaxation rates at the paramagnetic range above the ordering
than the critical distanced(~2.67 A) localization of Mn  temperatures fox=1 and 2 were analyzed. Muons locate in
moments is observédogether with the onset of magnetic the same interstitial positior96g as hydroger{deuterium
structures of antiferromagnetic type. atoms. It was found that at temperatures relatively far above
The magnetism and structure of YMrcompound are the ordering temperature the relaxation rates follow the
very sensitive to hydrogen absorption. Hydrogen causes exsimple relation T/Ty— 1) ” of the critical character. The
pansion of the unit cell favoring better localization of the Mn value was found to increase with the deuterium concentra-
magnetic moments and causing distinct increase of the magion in contradiction to theoretical expectations that the criti-
netic ordering temperature. As it was shown in Ref. 4, for thecal exponent do not depend on the chemical composition of
YMn,H, hydrides with very low hydrogen concentrations the material. To check this behavior the NMR measurements
(x<1), the temperatures of magnetic ordering are in theof spin-lattice and spin-spin relaxation times were performed
vicinity of 240 K. In the range fromx~1 up tox~4 the and are presented in this work together with the Knight shift
ordering temperature increases linearly reaching valueanalysis. Since the deuterium magnetic moments interact
above the room temperatuté For this hydrogen concentra- with the same fluctuating fields as the muons, the
tion range a small ferromagnetic contribution (0.1x0;Bis  temperature-dependent behavior of deuterium relaxation
observed, which suggests that hydrogen to some extemates and muons relaxation rates ought to be the same.

0163-1829/2001/630)/1044035)/$15.00 63 104403-1 ©2001 The American Physical Society



H. FIGIEL et al. PHYSICAL REVIEW B 63 104403

Il. EXPERIMENTAL DETAILS 30.70 - . . .
YMn,D, -
The YMn,D, samples with compositions=1 and 2 were 3068 - L ' PR
the same as those used in theSR experiments! The JIRTTLLE :
samples withx=0.65, 1.5, and 2.5 were prepared specially  spg6 | YMn,D, ...° ) i
for the NMR experiment. All specimens were prepared from 5 ...J's" .
high-purity starting elements and the sample preparing pro-g so.es | .
cedure was analogous to that described in Ref. 4. The sampl% ¢ YMn,D,, * . v
with deuterium concentration=3 was not measured by & sosz| EA
NMR because its magnetic ordering temperature was abov& - P
the room temperaturer(= 325 K). 8060 |- o v"YMn b
The NMR measurements were performed using the < S
BRUKER CXP 200 spectrometer with the quadrature detec- so.se |- v -
tion. The capacitively tuneable probehead with the coil of 5 200 ps v po—s - ps it
mm diameter and 25 mm length and with 18 turns was Temperature (K)

placed in the cryostat equipped with superconducting magnet
(B=4.6975 T). Due to Knight shift in our samples the cor- FIG. 1. The?2D resonant frequencies as function of temperature
responding resonance frequency?@f was smaller than that for the investigated hydrides.

of free isotopg30.701 MH32. The spin-spin relaxation times

T, were measured with two pulse spin-echo sequence witBannot be converted to a field-independent magnetic suscep-
pulses 3 and Gus long and the shortest distance betweenibility. Figure 2 shows the temperature dependence of the
pulses enabling us to detect echo signals wasu20 The  weight related magnetization of YMB, s and YMn,D,, s for
spin-lattice relaxation time§; were measured using the magnetic flux densities of 4.7 and 0.01 T as an example.
three-pulse stimulated echo technique. In themeasure- Thus, instead of standard relatith:
ments the shorter distances between the third pulse and the

echo were limited by the effect of overlapping of the other

echoes which appeafand were about 5@s. It caused, that

in T, measurements we were able to approach closer the K(T) =Ko+ NAMBX(T) @)
magnetic ordering temperature thanTipn measurements. To
observe temperature shifts of the resonant frequency the
probe head was appropriately tuned. The precise values c 18— ' ' ' Jos
resonant frequencies were obtained from the position of the 16 _’\. YMn.D I
Fourier transformed echo signals. The temperature of the 14| 2715 Jos
sample was stabilised at accuracy better than 0.2 K. Typi-—. 12| * 1 —_
cally the signals were accumulated to get proper signal/noisey ;o[ . . 47T 194 =
ratio. = - ] S
; : o 8F A 001T 03 m
The deuterium nuclei possess a quadrupole moment, how~ L, | 2
ever, in the obtained results we have found no traces of quad 8 Ho02 =
rupole splitting. The temperature-dependent x-ray measure a s, ° ]
ments, with the SIEMENS D5000 diffractometer using oL 4% 701
CuKa radiation A =1.54056 A), as well as the magnetic ol ?s:’"'"'f——trtttrrttrtrt:mmm5 0.0
measurements using the Quantum Design MPMS supercor 220 240 260 280 300
ducting quantum interference device magnetometer were Temperature (K)
performed for the samples with=0.65, 1.5, and 2.5. 14 E— 0.5
lIl. EXPERIMENTAL RESULTS AND INTERPRETATION B[ e, YMn,D, 5 0.4
A. Frequency shifts C) or e, ] —
- s s8f . o 47T 1% 2
The temperature dependencies of the resonant frequenc E | w
appeared to be correlated with the hydrogen concentration a‘; 6 F * a 001 T Jos _:5
it is visible in Fig. 1. The corresponding Knight shifts are [44as,, . =
clearly temperature dependent for deuterium concentration: 4 i “‘A L
x>1. Itis worth noting here that in this concentration range 2 L i, ' *%0ctccenccnce 1>
the hydrides do not undergo any structural transition at the - s Toseseese
ordering temperature, remaining cubic with no evidence of %50 260 270 280 290 300

any distortion* This was also observed in x-ray-diffraction
measurements for samples wihk 1.5 and 2.5.

The temperature dependence of the magnetic moment for FIG. 2. The temperature changes of magnetization for
the samples under investigation shows field dependency andvin,D, s and YMn,D, s measured at=4.7 T andH=0.01 T.

Temperature (K)
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-0.05 T B. Relaxation times

010 4 In Figs. 4 and 5 the temperature dependence§;cdnd

. T, relaxation rates for all hydrogen concentrations are pre-

T sented. Figures 4 and 5 show the systematic variation of

] ordering temperatures, spin-lattice, and spin-spin relaxation

] rates with increase of the deuterium concentration in

i YMn,D,. This behavior qualitatively follows the trend ob-

| served for the relaxation rate SR experiment?

8 Figure 4 shows separately the variation of JLand 17,

274 K | with temperature for YMgD, 5. For this deuterium conce-

| trations range the occurrence of two structural transitiens

—pB’ and B'—y was establisheli.The irregularity in the

T T T T s s 1/T, temperature dependence visible in Fig. 4 reveals that
1OK10F 20x10% aoxto® 4.0x10° 5é°"‘°'5 B.0x10° 7.0x107 the spin-echo decay may indeed be influenced at about 240

Susceptibility (cm*/g) (4.7°T) K by such a structural anomaly. Thus the temperature depen-

FIG. 3. Relations between Knight shift and susceptibility for dénce of 1T, and 1, for this concentration rangeelow
YMn,D; s and YMn,D, . x~1, where structural transitions take pl&cenust be dis-
cussed with care due to the possible interference of structural
and magnetic transition characteristics.

The temperature dependence of Land 1T, was ana-
ﬁ/zed within the recently introduced model describing quasi-
critical behaviort® The model of relaxation caused by spin
fluctuations, introduced by MoriyH,gives for antiferromag-
M(T) nets, at temperaturee close above the erdering temperature,
N H (2)  the following expression for the spin-lattice relaxation rate:

AMB

-0.15 |-

-0.20 |-

-0.25 -

-0.30 |-

Knight Shift (%)

-0.35 |-

-0.40 -

the Knight shift and the high-field susceptibility obtained
from the magnetization at the same field strength as th
NMR signals have to be correlated:

K(T)=Kqg+

11 (T—TN)‘”Z @

The Knight-shift values were calculated from the resonant Ty To\ Tn
frequencies presented in Fig. 1 with the reference frequency
v being the resonant frequency &b in YMn,D; s at room YMn.D
temperature. The correlation between the Knight shift and 0.0006 ' : . 2| °'65. :
the high-field susceptibility is presented in Fig. 3 according | |
to Eq.(2) with the temperature as an implicit parameter. The 0.0005 - ™ 4
same general trend was observed for all deuterium concen 5 .
trations studied: there is a break in the slope of the Knight 0.0004 [ .
shift versus susceptibility, with the larger, negative slope for=" i 1
the high temperature, i.e., for the weak magnetic moments & 0.0003 - 7
In all cases the shift is negative. The slope for YiDgp s et | = 1
amounts tax= —0.202T/ ug in the whole temperature range, = 0.0002 i 'ﬁu aE . u .
whereas for YMpD,s5 a=—0.303/ug in the high- "
temperature range, andv=—0.10IT/ug for the low- X
temperature range. These values are comparable with thos ' } : ' t f
obtained for other compounds, e.g., for CeAl The evident
change in slope for YMyD, 5 reveals two different coupling 0.0015 - 1
mechanisms contributing to the correlation of magnetic mo-
ments and Knight shift. These contributions predominate in ~ [ =
the different temperature ranges, e.g., that related to conduc » 00010k @ |
tion electron contact interaction in the high-temperature < n
range whereas a dipoldorbital) field contribution in the " R
low-temperature range. This conclusion can be related to re - u
sults of NMR on®Mn in the ordered state in YMil, (Ref. 00005 F ™ m I n -
14) and GdMpH, (Ref. 15 hydrides. An increase of Mn L") L]
magnetic moments and their orbital contribution was de- ' '
duced from an increase of Mn hyperfine fields following the
increase of hydrogen concentration. The difference betweet Temperature (K)
high- and low-temperature coupling constants of the 2.5 deu-
teride shows also nicely that even in the 4.7-T external field FIG. 4. The relaxation ratesT{ and 1T, in function of tem-
the transferred fields must compensate partially. perature for YMBD gs.

T

0.0001 |- .

220 240 260 280 300
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FIG. 5. The relaxation rates Tlf and 1T, in function of tem- 0.0 0.5 1.0 1.5 2.0 2.5 3.0
perature for YM@DX, x=1.0,1.5,2.0,2.5. Deuterium Concentration X

FIG. 6. (a) Dependence of the parameteron the hydrogen
concentration(b) Dependence of the parametgion the hydrogen
concentration.

For the YMnD, deuterides(hydride$ the muord! and
NMR relaxation rates show divergence at the ordering tem
perature, but instead of E(3) with fixed exponential factor

1/2, the formula with the free exponential factgrmay be 1 s\ -2 1 5\ 12
used: = A= - Z
T constT ( ) {l_aarcta+kmax( ) }
1/2 —-1/2
_ a ad
i: l(T—TN n @ + _larctar{kmax( ] 5)
T, Tol Tn | * 7
where y results from the dispersion form of the susceptibil-
ity:
Fitting this formula to our experimental data gives linear
dependence ofy versus hydrogen concentration as visible in C,
Fig. 6@). However, this behavior cannot be understood in x(K)= (6)

terms of existing theories which predict that such diver- o+ yw?

gences of critical type at the qrplering temperature Sh0U|d Nakith k=k—K,, K, the antiferromagnetic wave vectdt,, ,,

depend on chemical composition, and here in particular opeing a cutoff parametery<1 and

the hydrogen(deuterium concentration in the compound.

This leads to the idea of the mod8lwhich improves the T-Ty

Moriya’'s approach based on spin fluctuatidhs. o=——" (7)
The relaxation rates are generally proportional to N

S (x(k)/T",) term. Starting from this expresion, the proposedThe physically most important is the parameter, which

model takes into account different wave-vector dependenciedescribes the strength of wave vector influence on the sus-

(dispersion of the staggered susceptibility(k) and the ceptibility dispersion.

I'(k) parameter of the relaxin@orrelation function, which Table | collects the parameters of E@) for YMn,D,

is a width of the spin-fluctuation excitation spectrum. In thecompounds derived from the analysis of heR 81T,

result of calculations a formula for the relaxation rate wasand 1T, data. They parameter decreases while increasing

proposed:? deuterium concentration as visible in Figbh Because it is
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TABLE I. The fit parameters of the E@5) for YMn,D,,. IV. CONCLUSIONS
X 05 065 1 15 > 25 3 The combined analysis of the NMR line shift proportional
to the uniform susceptibility and the relaxation behavior re-
v (uSR) 0.20179 0.112 0.0607 0.034 flecting the critical and quasicritical contributions gives an
y (Ty) 0.125 0.081 0.0835 0.0471 0.0215 important piece of evidence for the magnetic interactions of
y (To) 0.114 0.092 0.051 0.059 0.0308 these fascinating YMnhydride and deuteride compounds.

From the relation between the Knight shift and susceptibility
it was concluded that two types of interaction are responsible
. . for the observed behavior. Namely, hyperfine interactions
related _W|th t'he wave-vector dependent susceptlbnlty, theyith exchange polarized band electrons and dipédaror-
larger dispersion parametgrfor the low concentration com-  pita)) interactions with the manganese moments for higher
pounds indicates that hepg(k) is much strongek depen-  concentration of hydrogen are responsible for the observed
dent at the wave vectdf, of antiferromagnetic ordering, temperature changes fandy. Analysis of the temperature
with other contributions comparatively suppressed. changes of the relaxation rates for different deuterium con-
It is noticeable thaty dependence of hydrogen concentra-centrations supported by the theoretical model gave evidence
tion is reflected in the susceptibilities. The measured susceff the importance of the excitation spectrum of spin fluctua-
tibilities (see Fig. 3 are smaller for low concentration of tions for proper understanding of the dynamics of these deu-
hydrogen(higher y) and bigger for higher hydrogen content terides at temperatures close to the ordering temperature. Ac-
(smallery) corresponding to Eq6). As it comes out from cording to our experimental results and analysis, for
theoretical considerationsy is related with the exchange increasing deuterium concentration, not only does the order-
coupling constand according to the relatioff ing temperature increase, but also the dispersion characteriz-
ing the exchange enhancement of the wave-vector-dependent
magnetic susceptibility is modified in a characteristic way. It

J(K) also proves that the dependence of the exchange interactions
Ky =1—y(k—Kp)?2 (8)  on the wave vector is related with the hydrogen content.
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