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Helical magnetic ordering in Tb completely suppressed by uniaxial tension: Evidence of electronic
topological transition and support for the nesting hypothesis
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A single crystal of Th was examined under uniaxial tension applied along the hexagonal axis by means of
magnetic susceptibility vs temperature. The temperature range within which helical ordering occurs was de-
termined fromy(T) curves. This range diminishes rapidly as uniaxial tension is applied, and at tensions over
p* =680 bar the helical ordering is completely suppressed. The experiment supports the hypothesis that the
type of magnetic ordering in rare-earth metals is determined by Fermi surface topology, which can in turn be
altered by uniaxial deformation.

It was suggested more than 30 years ago that the propeproperties are almost the same. Nevertheless, the FS topol-
ties of long-periodic magnetic structures in heavy rare-eartlogy turns out to be different in different heavy rare-earth
metals are dictated by “nesting” phenomenbAccording  metals.
to this approach, referred to hereafter as the “nesting” hy- Let us consider a typical system,@d;_,. As the FS
pothesis, the wave vector of a long-periodic magnetic structopology is different in Y and Gd, the change in FS topology
ture in a metal is exactly equal to the known extreme diamwould definitely occur in this system at some In other
eterq of the Fermi surfac€FS). The introduction in Ref. 2 words, this system is in the vicinity of an electronic topologi-
presented a brief explanation of the phenomenon. cal transition.

In the case of heavy rare-earth metals, this diameter was Actually, the recent direct observations of FS’s in YGd
supposed to be a diameter of the so-called “webbing” fea-alloys’ and pure Y2 by positron annihilation, experimentally
ture in theL point of the Brillouin zoné: see Fig. 1(Note  confirmed the change in FS topology under content varia-
that this diameter intersects the Brillouin-zone fackhere tions in these systems. Hence both the simplest consider-
was no direct experimental proof of this hypothesis for aations and the experiment suggest that the electronic topo-
long time. Nevertheless, there was a number of indirectogical transition is plausible for heavy rare-earth metals.
proofs, so that the “nesting” hypothesis is now well ac- Now we consider direct consequences.
cepted in rare-earth physics. The governing parameter that determines the shape of

The less studied subject is that the FS in heavy rare-earthS’s in all heavy rare-earth metals and Y in the simplified
metals possesses properties that are not typical of “ordimodel is just thec/a ratio of lattice parameters of hcp crys-
nary” metals. That is, all these materials are on the verge ofalline structur€. All these materials are hcp metals with 3
change in the FS topology. We are going to demonstrate thaons. The influence of the internalf 4electrons can be ne-

a combination of the nesting hypothesis with the hypothesiglected as a first approximation; thus tbka ratio remains
of an electronic topological transition in FS’s might provide the only free parameter.
a fruitful approach to rare-earth magnetism. It immediately follows that all these metals and their al-

The classical calculations of FS{Ref. 1) in rare-earth loys are on the verge of an electronic topological transition
metals revealed that minor variations in initial parameterdn c/a parameter. Two plausible topologies both occur in
might cause a change in the FS topology. Particularly, thevarious substances; a FS with the webbing feature corre-
calculated FS’s of Th, Ho, Dy, Lu, and Y exhibit the above- sponds to lowec/a values. Note that the variation in tieéa
mentioned webbing feature, while there is no such feature iparameter in these substances is as low as 1%: from 1.570 in
the FS of Gd. Further investigations of FS in these materialsy and Ho to 1.590 in Gd. Hence all these substances and
both experimentar® and theoreticd® never affected the their alloys are remarkably close to this transition.
main conclusions. To summarize our conclusions, if the hcp metal is on the

The two plausible topologies of the Fermi surfaces inverge of a change in the FS topology, then this change will
these materials are presented on Fig. 1. These sketches sudefinitely occur under a proper variation in théa ratio, the
marize those of Refs. 1-8. The sketches of the FS hereaftegason being simply that theda ratio is the primary param-
relate to the paramagnetic state; distortions caused by magter that determines the FS shape in such mke, for
netic structure not presented, for the sake of clarity. example, Ref. B

It should be emphasized that all these substances are simi- In Ref. 10 we emphasized that the shape and the very FS
lar enough to be considered just variations of the same entityopology in heavy rare-earth metals are extremely sensitive
The well-localized 4 shell is the only difference, while the to the content variation as well as to the crystalline lattice
outer electronic shells and hence the chemical and crystallingeformation, in contrast to “ordinary” metals. Moreover, a
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ered in Ref. 1Psuggest that these critical values for different

T M>K rare-earth metals are close enough, and are all located in the
\ \ ( { range €/a).,=1.582+0.002(with the possible exception of
H the GdY systert?).
—\/‘r’\ It immediately follows that one can switch a rare earth
@ K metal from a ferromagnetic state to an antiferromagnetic one,
a " and vice versa, by driving the/a ratio through its critical

value by outside action. This is what we are going to dem-
onstrate experimentally.
The simplest way to change tleéa ratio without break-

°T M >k ing the symmetry of the lattice is to apply uniaxial pressure
4 ) T along the hexagonal ax&s In our recent work? we demon-
——M H strated that uniaxial compression of the ferromagnetic
3{ o—0 L Hoo_4qu_6 single crystal causes the occurrence of a presum-
(\L_Q K ably helical magnetic phase.
b N In this work we are going to demonstrate the opposite,

i.e., that uniaxial elastic tension may completely suppress the
FIG. 1. Two plausible topologies of the Fermi surface in heavyhelical ordering in a rare-earth metal. The obvious choice for
rare-earth metals (double-zone presentation, semiquantative SUCh an experiment is terbium, with its remarkably narrow
sketch: (a) A “webbing feature” is presentindicated by bold temperature range within which helical ordering occlas
line), and long-periodic magnetic ordering is expected. Arrowslow as 10 K, while the magnetic ordering temperatiirg
mark the extreme diameter responsible for “nestingt) No =230 K).
“webbing feature,” and ferromagnetic ordering is expected. Zones Recently the FS for terbium was recalculated with modern
are labeled by numbers. The doubtful “arm” at tMepoint is not computer power. The presence of the “webbing feature”
presented. was confirmed. Moreover, direct calculation supported the
credibility of the “nesting” hypothesis in the case of b.
slight change in the/a ratio caused by thermal expansion or  Experiments with Tb films deposited on (Ref. 15 re-
by external pressure may be enough to change the FS shapealed a broadening of the temperature range within which
distinctly. helical ordering occurs, and an increase in the helical wave
According to the nesting hypothesis the magnetic strucvector. This broadening is presumably caused by an expan-
ture wave vector duplicates the behavior of the extreme FSion in the basal crystalline plane caused by deposition, i.e.,
diameter. The evolution of a FS due to a variation in¢h® by a decrease in the/a ratio. The only known experiment
ratio with thermal expansion may therefore be responsiblevith uniaxial compression on T@Ref. 16 revealed a broad-
for the thermal dependence of the magnetic structure wavening of the temperature range within which a helical struc-
vector. A qualitative agreement with this hypothesis was obture occurs under compression along thaxis.
served in Ref. 10. The experiments with hydrostatic pressure on (Refs.
Since thec/a ratio is a governing parameter for the FS 17 and 18 also revealed a slight broadening of the tempera-
shape, a change in its value may cause a change in the E&e range within which a helical structure occurs under pres-
topology of the given material. This change would be a classure increase. A calculation that takes into account elastic
sical example of an electronic topological transition, alsomoduli suggests there will be a slight decrease in ¢he
known as the Lifshitz transitioh: One should expect a ratio under hydrostatic pressure. Hence all the existing ex-
square-root dependence of an extreme FS diameter on tiperimental data confirm a stabilization of the helical struc-
c/a ratio, which is characteristic of such a transition. Ac- ture, and an increase in helical wave vector under decrease in
cording to the nesting hypothesis, the helical wave vectoc/a ratio. This agrees qualitatively with our expectations.
should behave the same way. However, our goal was to suppress the helical ordering in
Similarly, one can expect a square-root dependence of thEb completely by uniaxial tension, i.e., by an increase in the
helical wave vector on the parameter in binary alloys like c/a ratio. In other words, we expected terbium to behave
Ho,Gd; _,, Y,Gd;_,, ThY,_ 4, etc. In other words, the “like gadolinium” under certain tension applied along the
change in thec/a ratio is expected to have exactly the sameaxis. We also expected a sort of square-root-like dependence
effect on the magnetic structure as the chemical contendf helical structure parameters on tension.
variation. The Tb single crystal was prepared at the Moscow Insti-
Our general conclusion is as follows: the helical wavetute for Metals in 1972. Its declared purity is 99%. X-ray
vector q shall depend on the/a ratio as a square ro@f  examination revealed that the sample is a single-phase crys-
x[(cla),—(c/a)]¥? with no helical ordering at d/a) tal with a hcp crystalline structure, a mosaic spread less than
>(cla),. The critical value ¢/a), at first approximation 1°, and lattice parameters=5.696 A, a=3.605 A, and
appears to be the same for all heavy rare-earth metals amda=1.580(at room temperatuje
yttrium (see above The neutron scattering examination performed in the
Obviously this is a simplification, and it would be more Laboratory for Neutron Physics of JIN®ubna, Russigon
realistic to expect a unique value of/@)., for any given DN-2 time-of-flight spectrometer on an IBR-2 pulse reactor
substance, while the other aspects of the dependence shall benfirmed the helical ordering in the sample. The typical
common. Nevertheless the existing experimental dgah-  neutron pattern and temperature dependence of a helical
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T(K) FIG. 3. Mutual inductanc® (T) dependencies at different ten-
sions. Onsets are omitted, and the vertical shift is proportional to
FIG. 2. Helical wave vector in the sample measured by neutronhe tension applied. Arrows indicate characteristic temperatures.
diffraction (ambient pressuje Inset: typical neutron patterné(  Tensions, from bottom to top, are 0, 60, 120, 190, 250, 310, 380,
=45°T=228 K). 440, 470, 530, 590, 660, and 720 bar. Inset: sketch of the experi-
ment (front and side views

wave vector are presented in Fig. (Br Bragg angleé

=45°). The helical wave vector happened to be smaller than

that for pure '|'b1-,2 presumab|y due to the Samp|e impurity_ were taken on Cooling, with a rate of less than 0.5 K/min in

The temperature range where helical ordering occurs, 5.5 K, atmosphere. The sample temperature was monitored by a

wide, also turned out to be significantly more narrow thancopper-constantan thermocouple, wittd.2 K accuracy.

that in pure terbium. All these features were typical of the A set of M(T) curves at different tensions is presented in

early Tb samplegsee the review in Ref. 29In our experi-  Fig. 3. At ambient pressure and at tensigrs700 bar, the

ment this was an advantage, as we had better chances v@ll-known characteristic splitting occurs on the curves.

suppress the helical structure completely before the samplghis splitting marks the Neel point @y, and the point, often

rupture. referred to as Curie point, where the sample converts to a
An I-shaped samplen facewas cut out of this single  ferromagnetic phase @, (marked by arrows These values

crystal by spark erosion. Tyvo holders of beryllium-copperat ambient pressur@31.5 and 226 K, respectivélagree

were also cut by sp_ark erosion so as to fit th_e sa_mple _sh_apﬁ,e” with those obtained by neutron scattering.

The c crystalline axis was parallel to load direction within This splitting is obviously narrowed under tension in-

iz_;r'] tional f t of th | 3 | crease, and it never occurs at tensions larger than 700 bar. It
with ;c?g:;aslggt?onri?rg%%ow r?wr??ér?r?eet(\)l\tlglslenmt? O?ngis hard to doubt that this phenomenon shows the complete
the sample was 5.5 mrr; THe sketcﬁ of the exp(griment iEuppression of helical ordering in the sample under uniaxial
: g - ) X ension
resented in the inset of Fig. 3. The cell design was suitabl ' . -
P g 9 The tension dependences of characteristic temperatures

for a neutron scattering experiment. L . .
The load produced by steel string of rigidity 13.8 N/mm &€ presented in Fig. 4. The magnetic ordering temperature

was transmitted to the cell by two long coaxial plungers'n depends onigensmn ~almost linearly, and its slope
made of stainless steel. The elasticity limit for polycrystal-dTn/dp=0.9X10"" K/bar is of the same sign and order as

line Th is some 2 Kbar; thus we never exceed half of thisthe 1.6<10 % K/bar value measured in the uniaxial com-

value for fear of destroying the sample. pression experimenif.

The magnetic state of the sample was examined by mag- The tension dependence ®f is, in contrast, essentially
netic susceptibility, that was measured by the ac mutual inunlinear. Moreover, it can be fitted fairly well by the square-
ductance technique at a frequency of 6030 Hz. Two mutuatoot dependencep( — p)¥2 with parameterp* =680 bar
inductance coils were placed parallel to each other arounéthe curve in Fig. 4 Such behavior is typical of the elec-
the sample. The ac magnetic field was parallel to the sampl&onic topological transition expected.
surface and perpendicular to the crystal hexagonal@afsse Hence it was demonstrated that helical ordering in rare-
the inset of Fig. R The shape factor had no visible influence earth metal can be suppressed completely by a uniaxial ten-
on the curve shape; hence we can accept the mutual indusion as low as 680 bar. We speculate that this critical tension
tance to be exactly proportional to the sample magnetic sup* corresponds to a change in FS topology caused by un-
ceptibility. iaxial deformation. The proposed evolution of the FS shape

The temperature dependences of mutual inductdhCE) with applied tension is sketched in Fig. 4.
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where c;; are elastic moduli. Substituting values for
Tb—C]_l: 068, 012:0.25, C13: 021, C33: 0.71

X 10* din/cn? (see Ref. 2p—and critical pressur@=p*
=680 bar, we obtair\ (c/a) =0.002, and hence the critical
value (c/a).,=1.582+0.001.

This critical value is in good agreement with those esti-
mated in our recent work with uniaxial compression on
Hoy 4Gdy g alloy: 1.580+0.001. Hence/a critical values for

l these two different substances are almost the same.

PARAMAGNET Our considerations were based @Gh the well-accepted
2321 1 “nesting” hypothesis and(ii) the hypothesis of the elec-
tronic topological transition in rare-earth metals that is evi-
dent from the classical calculations of FS’s as well as from
the recent experiments. The combination of these two plau-
sible hypotheses immediately provided a number of transpar-
ent consequences, particularly the crucial role ofdhera-
FERROMAGNET tio in the magnetic structure formation, and the existence of
226 1 a c/a critical value that separates different magnetic phases.

s s s s - This crucial role was confirmed by two experiments op-
0 200 400 600 800 1000 posite in setting: ferromagnetic HgGd,  was converted to

p (bar) the presumably helical state by uniaxial compressfomhile

FIG. 4. Tension dependencies of characteristic temperaTyes helically ordered Th was turned to a ferromagnetic state by
(black dots and T, (open dots Lines represent a linear fit fdfy, uniaxial tension. In both substances the critical values of the
and a square root fit foF ;. Arrow marks the critical tension value C/a ratio happened to be almost the same: 1:58M01 and
p* =680 bar. Insets: sketches of the proposed FS shape nelar thel.582+0.001, respectively. These experiments support our
point of the Brillouin zone. Top row: axonometry. Bottom row: FS considerations as well as our basic hypotheses.
intersection with MKHL face of the Brillouin zonda) p<p*. (b) Obviously the considerations presented are rather straight-
p=p*. (¢) p>p*. g is the helical wave vector. forward. An elaborated approach should consider the self—

consistent problem for electronic, elastic, and magnetic phe-

The numerical estimations of changes in /@ value = nomena in the vicinity of the electronic topological transition
under uniaxial tension, of the order of 1Din our case, are in presence of nesting. We hope this work will stimulate a
as follows. Thec/a ratio in our sample, measured by x-ray theoretical treatment of the problem.
diffraction, was 1.58€ 0.001. A straightforward calculation
of thec/a variation under uniaxial tensigmalong thec axis
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