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NMR study of the ferromagnetic phases of SmMgGe, as a function of temperature and pressure
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The behavior of the reentrant ferromagnet Smide, has been studied as a function of temperature and
pressure using NMR in zero applied field. At atmospheric pressure S@#ns ferromagnetiq FM) from
T;1~348 K10 T;,~196 K, then antiferromagnetidFM) to T3~ 100 K. The material is again ferromagnetic
below T,3. The behavior ofT,; as a function of pressure has been studied usivn NMR. The value of
dT,3/dP at low pressure is found to be aboutl6 K kbar 2, in agreement with earlier work but its magnitude
decreases at higher pressure. The valu&gfat 7.8 kbar is 47 K. Thé°Mn NMR frequency increases with
increasing temperature in the range 3—75 K, despite the decrease in magnetization by some 16%. The decrease
in magnetization is attributed to the collapse of the ordered Sm state near 75 K*ne and4°sm NMR
could, however, only be observed up to 19 K, because of the rapid increase of the transverse relaxation rate
with temperature, so we do not have conclusive evidence that the Sm moment has no influence on the
AFM-FM transition atT.;. A remarkable feature of the Sm NMR is that its frequency at a given temperature
is independent of pressure whereas the Mn NMR frequency decreases with increasing pressure.

[. INTRODUCTION magnetic(AFM) state with Mn moments still lying along
(001, and a further first order transition to a FM state or-

The series of compound@Mn,Ge,, whereR is a rare- dered along110) occurs atT;3~100 K. On cooling thea
earth or yttrium, are naturally layered compounds which re-axis contracts by~0.15% atT;,, and expands again by the
cently have become of renewed interest. For example, theame amount &l 3, as investigated by Gyorggt al® The
magnetoresistance of SmMae, has been investigated to
complement the studies of giant magnetoresistance effects in
artificially layered magnetic/nonmagnetic superlattices )
grown by molecular beam epitaxy or sputterin§ince their ) |
magnetic properties are sensitive to the Mn-Mn separations, H
the RMn,Ge, compounds are also model systems for the
study of the volume dependence of ferromagnetism in
metals?

The crystal structure of SmMfBe,, as shown in Fig. 1, is
of body centered tetragonal BaAlype® with the two crys-
tallographically inequivalent Al sites occupied by Mn and Ge C
atoms. The atoms of each type lie on planes perpendicular to
the ¢ axis with the sequence -MfGe-Sm-Ge-. The inter-
layer Mn-Mn or Sm-Sm distance is much larger than the
intralayer distance. C

The magnetic properties of tfMn,Ge, series have been
reviewed by Szytula and LeciejewiéZlypically two mag-
netic transitions are observed as a function of temperature,
because the Mn moments order in the range 300—460 K, but
the R moments order only below 100 K. The phase diagram ~N
of SmMn,Ge, is however more complicated than that of the \Z{/ -
otherRMn,Ge, compounds; see Fig. 2. At atmospheric pres- ‘d ’
sure the Mn moments order &f; ~ 348 K with a ferromag-
netic (FM) configuration along thec axis (001). At FIG. 1. Crystal structure of SmMfGe,. The direction of mo-
T,~196 K there is a first order transition to an antiferro- ments in the low temperature ferromagnetic phase are indicated.
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400 TABLE I. The NMR frequencies of quadrupole splitting and
lines, and effective fields for SmM@Ge, at atmospheric pressures.
———Paramagnetic
T v B. (dlnvloP) Vg
¥ Ferro <001>
o Nucleus K) (MHz) (T) (Mban~!  (MHz)
2 200 55Mn 273 1447 -13.7
g Antiferro <001> 71890 79 )
g 4.2 187.3 -17.7 -3.9 0.058
= 100%™ 1475m 42 576.6 330 <0.005 8.60
- 14%5m 42 4756 330 <€0.04) 2.425
TRy g 147Sm free ion
Ferro <110> (Refs. 10,12 600 338 9.66
0 149%5m free ion
6 2 4 6 8 10 12 M (Refs 10,12 485 338 2.8

Pressure (kbar)

%M to AFM transition.
FIG. 2. T-P phase diagram for SmMe, .

accuracy of their thermal expansion measurements was suéfpmeter with the sample in an untuned sample hdiddre
that it is difficult to decide if the axis also exhibits a jump Spectra were recorded by integrating the spin echo at each
at Ty, and T3 but the jump is less than 0.08%. frequency as described previoudlfhe low Q of the un-

The best value for the magnetization at 4.2 K is probablytuned sample holder meant that there was not sufficient rf
3.8ug,° although the value given in the original papés power available to excite a spin echo from thdn nuclei
4.18ug . Assuming the Sm NMR frequency at 4.2 K is con- in the AFM phase. The phase boundaryTaj was taken as

sistent with that of a fully polarized Sm ion (with  the temperature and pressure at which tPdn signal van-
9,=2/7,3=5/2, ©=0.71ug), so a FM coupling to the Mn  igheqd.

:ga_?s_rtrc]) a Mn m;)men]:[ of 1|5@ i_? hthe (LOW tempdeLaturg The high pressure experiments were carried out in a
Imit. The moment per formula unit has decreased by a OuEe-Cu cell. The pressure was applied to the liquid immersed
0.6ug by 77 K. This decrease in magnetic moment could, mole at room temperature and locked into th I Th I
therefore, be largely due to the collapse of the Sm momentapPi€ atroom temperature and locke 0 the cell. The ce

By 273 K the moment has dropped to 2 per formula could then be removed from the press and cooled to low
unit. temperature. The pressure was measured using the resistance

The FM-AFM transition afT,, is driven by the thermal of a calibrated semiconductor transducer. The maximum
contraction of the SmMGse, lattice on cooling, since FM is pressure obtained 8 K was 7.8 kbar.
only observed for a planar Mn-Mn separatier®.285 nm in The 5Mn, #'Sm, and *°Sm frequencies measured at
RMn,Ge, compound$. The origin of the AFM-FM transi- several temperatures and their pressure dependences are
tion at T3 is less clear. It was originally proposed that FM shown in Table I. For quadrupole split Sm spectra, the values
ordering of the Sm moments could drive the Mn momentsn the table correspond to the central lines. The Sm frequen-
from AFM to FM.” Our measurements suggest that the magries were converted to an effective field, allowing for a hy-

T3 at atmospheric pressure. Although this does not precludpig_ 4.

the Sm from contributing to the transition, a mechanism
driven by the ordering of the Sm sublattice seems inconsis-
tent with the small entropy chandéess than R/10)In2]
measured by Gyorggt al® Ill. THE PHASE DIAGRAM

In order to provide further information on the stability and At atmospheric pressurd,;, determined from the tem-
origin of the low temperature FM phase of SmMB®,, we  haratyre at which théMn signal disappeared, was found to
have carried out zero external field NMR measurements 0, 198 K. The initial decrease oF.5 with pressure was
both Sm and Mn as a function of temperature and pressur%.-l-t3/dp%_16 K kbar %, but the magnitude of the slope
The value ofTy3 was taken to be the temperature at whichye creased rapidly at higher pressures; Fig. 2. The shape of
the Mn NMR signal vanished, due to the low rf field en- o b cyrve, shown in Fig. 2, is similar to that obtained
hancement in the AFM state. The valueTo was measured . «cpemical pressure” experiments involving changing the

up to 7.8 kbar; see Fig. 2. The Mn NMR could also be | yice constants by substituting Si for Ge or another rare-

observed in the ferromagnetic state at temperatures abo‘é%\rth for Sm in SMMsGe,. ! The decrease idT,;/dP at
Tro. The Sm NMR was only observable up to 19K, becausefower values ofT,5 is indicative of the growing importance

gn:r;:argﬁlrz increase of the transverse relaxation rate Withy o\ver temperatures of the role played by the Sm sublattice

in stabilizing the low temperature ferromagnet{d10
phase.
In the next two sections, we discuss the evidence from
The NMR experiments were carried out in a new 10—Mn and Sm NMR for the contribution from the Sm sublattice
1000 MHz phase coherent swept frequency spin echo spets the magnetic phase transitionBt.

II. EXPERIMENT



53 NMR STUDY OF THE FERROMAGNETIC PHASES OF ... 285

1
" g
78 H
m o
55Mn 1498m %10.998
=
[
-
8
i 09%
-
=
(%)
£
$ 0.994
o
o
w
0.992
0 5 10 15 20
Temperature (K)
FIG. 5. Temperature dependence of the Sm NMR spectra at zero
applied pressure and under 6.1 kbar. The line is given by(Bq.
with a=2/5 andb=77 K.
IIIIIII |I||||I[
180 190 470 480 540 560 580 600 the spin echo decay; see Fig. 4. Usually, as in the case of
Frequency (MHz) 5Mn (discussed in Sec.)Ythe ratio of quadrupole splitting

to linewidth is such that the quadrupole interaction is only
FIG. 3. NMR spectrum of SmMiGe, at 4.2 K and at atmo- Observable either as a multiple line spectrum, or as a modu-
spheric pressure. lation on the spin echo decay. TH&Sm NMR frequency is
shown as a function of temperature in Fig. 5.
IV. SAMARIUM NMR The effective field at the Sm nucleus in Smj@e, in the
low temperature limit is estimated to be 330 T, which may be
The *’Sm and*°Sm NMR was measured from 3—-19 K compared with the free St ion value of 338 #1012 The
at pressures up to 7.8 kbar. A typical spectrum is shown inargest contribution to the Sm effective field comes from the
Fig. 3. Since the Sm nuclei have spin 7/2, a seven lineorbital motion of the 4 electrons of the parent atom which
quadrupole split spectrum is observed for each isotope. Aihduces a field parallel to the magnetization. The 8 T discrep-
unusual feature for a ferromagnetic material is that the quadancy between SmMiGe,, and the free SAT ion value pre-
rupole frequency also can be observed as a modulation asumably arises from a transferred effective field from the Mn
moments.
We assume that the change of tH€Sm NMR frequency
(a) is a measure of the Sm moment and that the small contribu-
5 tion from the Mn magnetization remains unchanged over the
- range 3—19 K. Above 19 K the transverse relaxation time
] T, is too short for a signal to be observed. Since the Sm
1.5 NMR frequency has only changed by about 1% by 19 K, it is
7 not possible to extrapolate the data reliably to find the tem-
L s e By B peratureT at which the Sm moment collapses. The simplest

10 12 14 16 18 20 approach is to use the low temperature limit of mean field
E Pulse spacing (us) theory and write

£

5 (b) v=vo(1—ae ?T), @

&

c

oo

w

wherea=1/J andb=3T./(J+1). A good fit to the mea-
surements has the form=0.99 andb=92 K, but an im-
e a a posed fit witha=1/J=2/5 leads tdb=77 K.
-10 5 0 5 10 The mean field value oF is therefore around 100 K, i.e.,
Frequency (MHz) quite close tdl5 in Fig. 1. Since the material exhibits a large
magnetocrystalline anisotropy at low temperatures, the re-
FIG. 4. () Modulation of the spin echo decay at 475 MHz of Sulting large energy gap in the spin wave spectrum means
14%m in SMMRGe, at 4.2 K under zero applied pressufe) The  that it is reasonable to fit the temperature dependence of the
Fourier transform shows a quadrupole splitting in agreement wittSm NMR frequency to a mean field theory, as shown by the
Fig. 3. line in Fig. 5. At 4.226) K, the magnetization
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measuremenfsextrapolate to an anisotropy field of some ()
24(18) T which is equivalent to a (@) K gap in the spin-
wave spectrum.

The Sm NMR frequency, Fig. 5, was found to be inde-

pendent of pressure in the temperature range 3—-19 K. The ”,ll',"q.y\\\\

change in the frequency with pressure throughout this range y ’,"’ll"'l"”\\‘s’:l'o

of temperatures was less thanx%07° kbar! in Al llM l

(dlnvldP). This is a very surprising result, sindg; has de- 7 %’,’,’,’,’,’,’li[’,’,’l’,’”ﬁ”’{,’c

creased from 108 K at atmospheric pressure to 47 K at 7.8 *#%(//// t,’,,’,’,’,’,’,’,',’,',l:',',',t'.',"l'ﬂ,‘.:.',' ! .
kbar, and the Mn frequency, which is roughly proportional to gssoe 1 ,/{l’%f:},’:’.f.[,’lll'l'f,""'f?!"'ﬂ':'?' °

T
AT IO 0114y

the moment on the Mn site, also decreases under Pressureg o [/ f

i o ; 'l" 7 17 2/
The Mn moment, assumed to be proportional to Hln - L pulse
NMR frequency, decreases by 2.4% by 7.8 kbar. Assuming @ power
that the 8 T discrepancy in the effective field at the Sm M dB
nucleus is indeed caused by the transferred field from the e WG )

188 ‘\\'5”"""':':’:'.",',","":':’:'."","",':’:'.':' i

Mn, we would estimate thav{nu/oP)~+8x10° kbar L. It 69 \
seems likely, therefore, that the decrease in the Mn moment frequency (MHz) ' 1, 4
is largely being compensated by a decrease in the Mn-Sm

distance. {b)
The quadrupole splitting of the **’Sm(***Sm) NMR at N
4.2 K, 8.62.4) MHz, is significantly less than the free ion

values of 9.72.8) MHz, showing that the lattice contribution i I',,,.\\‘;\\\ -
to the electric field gradient has the opposite sign to the . 1;;_;
dominant 4 contribution. The value of{invy/dP) was es- ¥, . f/%lll’”}/llq’“&“}“::‘\?&' :

R _ _ . . . < S Wt
timated to be less than>810~° kbar %, which is consistent = o ,/’{t,”,’;l’:}l’l:ll'g’,?m%f'

. . _ 1. ) R s
with our estimate of X 10°° kbar * if we assume thatonly g _ - i 7 o

i T ; - Y I

the lattice contribution changes with pressure and that thew |Zz22] i pulse

R rexeytne

compressibility is isotropic. 186 (dB)
The “lattice” electric field gradient(EFG) includes the
on-site contribution from the | and 5d-like electrons and frequency (MHz) 18 19 g6 B
the contribution from the charge distribution at neighboring
sites. Recently it was found that for many Rére-earth3d FIG. 6. Variation of the®®Mn NMR spectrum with power under

metal compounds, the on-site contribution to the lattice EFG,g applied pressur@) at 4.2 K and(b) at 77 K.
dominates?

For the Sm site in SMMiGe,, Fhe fourfold tetrqgonad: _the CEF formalism, is proportional to this EFG. A lack of a
axis is the highest symmetry axis. Thus the lattice EFG issyrict relation between the EFG at the nucleus and the EFG

axially symmetric along it and itsc axis component eyerted by the # shell means that only an approximate re-
Vc(latt) is related to the in-plane componevify(latt) ac-  |ation can be used:

cording to Laplace’s equation’ (latt)=—2V(latt). The
value of the quadrupole splitting, measured in the NMR ex- Agz —D/4eV,(latt). 2)
periment, corresponds to the EFG component along the ef-
fective field in the plane perpendicular to theaxis. As the  The relation, however, holds for many RE intermetallic com-
value of the effective field is close to that of the free ion, it pounds. Taking the value of 1/320 for the coefficiént as
means that Sm is in its fully polarized statg=J=5/2. In  obtained from a comparison of a Mdebauer spectroscopy
the recent study of Spire;N,,'* it was found that, in the study with bulk magnetic data for GEe;; and other RE-8
fully polarized state of Sm, the value of thé dontribution  intermetallics'® the CEF coefficienh is 266 Ka, 2, where
in the crystal was-249x 10°°V m~2 which is 20% larger in @y is the Bohr radius. The value is very close in magnitude to
magnitude than that of the free ion. The effect was attributedhat of -242 Ka, 2 reported for SrFe;N, ,'® a permanent
to a contraction of the #shell of the crystal from that of the magnet material with a strong uniaxial anisotropy in which
free ion. Taking the value as an estimate for tHeedectron  the lowest order anisotropy contribution relatedAdomi-
contribution in SmMpGe;, we arrive at the/,(latt) value of  nates. Its anisotropy fiel, of 23 T is also very close to that
52.5<107° V m~2 and theV,(latt) value of —105X10°°V  of 24 T for SmMnGe,. This indicates that the contribution
m~2. related toAg is also dominant here.

A very high planar anisotropy of the compound at low
temperaturesB,=24 T) originates from the interaction of
Sm 4f electrons with the crystal electric fieldCEP). Its V. MANGANESE NMR
lowest order term corresponds to the interaction of the quad- The **Mn NMR spectrum consists of a single line at
rupole moment of the # shell with the EFG, produced lower pulse powers but develops additional structure at
mainly by the aspherity of thedband G electron shells of lower frequencies as the power is increased, as shown in Fig.
the parent atom. This aspherity is the result of the presencg(a) at 4.2 K and Fig. th) at 77 K. At low pulse powers
of neighbors in the lattic& The CEF coefﬁcienAg, used in  signals arise from domain wall enhancement caused by the
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site, the decrease in the NMR frequency shows that the mag-
netization of SmMpGe, decreases under pressure. This is
consistent with the fact that the unit cell of SmpBs, in-
creases with decreasing temperature through the transition at
T3 and that in general a large Mn-Mn spacing is essential for
rotation of moments at the center of the domain wall. At thefsr-_;rromagnetsm n‘RMnZGeZ. The change of slope of the_
Mn NMR frequency with pressure above 5 kbar shown in

center of the wall small domain wall movements result in theFig 8 may, in part, be due to a pressure dependence of the
largest moment rotation. At hlgher pulse powers, moments astp(-,;ctrum s,hown in, Fig.(B), but it is interesting to note that
the domain wall edge CO”F”b“te to th_e enhgnced NMR 9% Fig. 2 for pressures ab,ove 5 kbar the rate of change of
nal. These moments are, in general, in a different magneto]: is élso smaller than at lower pressures

t3 .

crystalline environment from the moments at the domain At atmospheric pressure and at low temperatures. the Mn
wall center and so experience a different effective field, re- P P b '

L : . MR frequency initially increases with temperature. The
E:ngjtr']g? ‘;rsjl;r;epgnv(\;é(rascompl|cated line structure observed amaximum NMR frequency of 189.3 MHz occurs around 75

The >>Mn spin is 5/2, but no quadrupole structure is ap-K then decreases to 187.7 MHz B, as shown in Fig. 9.

. The data in Fig. 9 indicate the frequency of the center of the
parent in the swept frequency spectrum. A small quadrupolg5Mn NMR spectrum at a pulse power corresponding to an

splitting is, however, observable via the modulation of the . - ) .
spin echo decay; see Fig. 7 and Table |. The calculated qua&}tenuatlon of 12.dB in Fig. 6. For this pulse power there is

rupole spliting(60 kH2 is much less than the linewidth of 2 9°0d signal to noise ratio, and tfén NWIR spectrum
the inhomogeneously broadened lifie-3 MH2). Ingle p w peratures. 1his puise power w

The 5Mn NMR frequency in the low temperature limit is chosen, as the form of .the spectrum changes I!ttle with tem-
187.3 MHz at atmospheric pressure and tends to decreaggrature and tESUS provides a go_od representauo_n of changes
with increasing pressure; see Fig. 8. Since the effective field]! Value of the®Mn frequency. Since the magnetization de-

at the Mn nucleus arises largely from the moment at the Mif'€35€S by 0 between low temperature and 77 K, which
gely Is comparable to the Sm ground state moment of.Q.7the

increase in the Mn frequency up to 75 K is attributed to the
decrease of a transferred hyperfine field from the Srhe

189, transferred hyperfine field from the Sm is positive with re-

spect to the Mn moment direction, whereas the contact inter-
action with the Mn spin of the parent atom induces a pre-
1871 dominantly negative hyperfine field at the Mn nucleus, i.e.,

7K antiparallel to the magnetizatipn

A further indication that the Sm moment has collapsed by

Pulse spacing (ps)

FIG. 7. Spin echo decay 6PMn at atmospheric pressure and at
4.2 K. The modulation reflects a quadrupole splitting of 60 kHz.

190

1887

55Mn line frequency (MHz)
3

1854 48K 75 K is provided by the temperature dependence of the Mn
v 0K NMR linewidth; see Fig. 9. The change of the linewidth with
1841 42K temperature appears to follow the change of Sm moment. In
1834 ‘ the high temperature FM phase, where the Sm moment is
12 certainly zero, the linewidth is 1 MHz. The slow decrease in
Tt 3 & o the 5°Mn linewidth over the range 70—-100 K may reflect a
Pressure (kbar) significant paramagnetic Sm magnetization induced via the

exchange interaction with the Mn. It is possible that the large
FIG. 8. Variation of %®Mn frequency with pressure at various changes irr°Mn NMR frequency and linewidth at low tem-
temperatures. peratures are also related to changes in the magnetic struc-
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ture of the Mn sublattice. Since the Mn moments are aligneg|ose in magnitude t@\g in SmyFe;N, in which the anisot-

along thec axis in the higher temperature ferromagnetic and ., is dominated by the Sm sublattice. Extrapolation of low
antiferromagnetic phases, it seems likely that the Mn sublattgmperature Sm NMR data using mean field theory indicated
tice below Ti; may also prefer to align along the axis.  hat atT,,~100 K and atmospheric pressure, the magneti-

Despite this, a resultant alignment along 140 direction ;4461 of the Sm sublattice was small or zero. This conclu-

is imposed by the much stronger anisotropy of the Sm. Howg; is supported by a measured increase of*fiin NMR

ever, since this is likely to be a hard direction for Mn, the Mnfrequency with temperature up to 75 K, which we have at-

moments may ilt out of the plane, resulting in & nNoncol-inteq to a decrease in the transferred hyperfine field from
linearity between Sm and Mn moments. The ar%lsotropy Ol5m, as the magnetization of the Sm sublattice drops to zero
SmMn,Ge, is strongly dependent on the temperatlielow  noar 75 K. The observed decreas@iiin linewidth over the

Tis. As this anisotropy arises predominantly from the Smyange 70-100 K may reflect a significant paramagnetic Sm

sublattice, it will have a strong effect on any tendency for they 4 gnetization, which could play a role in driving the transi-
Mn moments to tilt out of thgl001} plane. Such changes 4, atTs.

appear to be reflected in changes in thaxis magnetization It has been observed that th¥Mn NMR frequency
measuredn a 2 kOe field as a function of temperature by(anqed to decrease as a function of pressure, with
Gyorgy et al® Their measurements are strikingly similar to dlnvloP=—3.9 Mbar * at 4.2 K and atmospheric pres:sure,
our measurements of the changes’ivn NMR frequency reflecting a decrease in moment at the Mn site. It is therefore
with temperature, shown in Fig. 9. surprising that the Sm NMR frequency at a given tempera-
ture was found to be independent of pressure. We suggest

VI. CONCLUSIONS that the decrease in transferred field at the Sm nucleus with
pressure may be compensated by a decrease in the Mn-Sm
distance, which would leave the effective field at the Sm
|J:mchanged.

Our investigation of the behavior of the reentrant ferro-
magnet SmMpGe,, as a function of temperature and pres-
sure using NMR, has produced interesting results in the fe
romagnetic region below the transition temperatliyg. At
low pressure,dT;3/dP was found to be about-16 K
kbar !, but its magnitude decreased at higher pressure, in-
dicative of the Sm sublattice stabilizing the ferromagnetic The financial support of the SERC/EPSRC is gratefully
phase at lower temperatures. Another indication of this waacknowledged. One of U€z.K.) acknowledges the support
the value of the CEF coeﬁicienA‘§=266 Kagz. This is  of the Leverhulme Trust during his stay at St. Andrews.
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